THIS PART COMPLETES VOLUME 47 (1950) 


NOVEMBER AND DECEMBER I950, VOLUME 47, No. 5 


THE 


BIOCHEMICAL 
JOURNAL 


Edited for 
THE BIOCHEMICAL SOCIETY 


Editorial Board 
R. K. CALLOW R. A. MORTON 
G. D. GREVILLE A. NEUBERGER 
R. A. KEK WICK A. PIRIE 
E. J. KING (Chairman) R.L. M. SYNGE 
W. KLYNE R. H. S. THOMPSON 
M. G. MACFARLANE T.S. WORK 


CAMBRIDGE UNIVERSITY PRESS 
LONDON: BENTLEY HOUSE, N.W.1 
NEW YORK: 51 MADISON AVENUE 


Price 20s. net 





al 


- 


The Biochemical Journal is conducted by the Biochemical Society and is published 
by the Cambridge University Press. The Journal is issued in multiple volumes per year. — 
Each volume consists of approximately 640 pages, published in five parts at intervals of | 
one month, 


The Biochemical Society was instituted solely for the advancement of the Science of | 
Biochemistry, and holds meetings at different centres for the communication of original ~ 
papers, and for the discussion of current problems. Persons interested in Biochemistry 
are eligible for election. Members whose subscriptions are not in arrears are entitled to 7 
receive the Biochemical Journal without further payment. Further information may be | 
obtained from the Hon. Secs., Professor J. N. Davidson, Department of Biochemistry, 7 
The University, Glasgow, W. 2, and Professor Leslie Young, St Thomas’s Hospital Medical © 
School, London, S.E. 1, or from the Hon. Treas., Dr J. H. Bushill, 149 Hammersmith ~ 
Road, London, W. 14. 3 


Subscriptions to the Biochemical Journal. For non-members of the Biochemical 4 
Society the subscription to the Biochemical Journal is £3. 10s. Od. per volume, payable in | 
advance to the Cambridge University Press, Bentley House, 200 Euston Road, London, ] 
N.W. 1, to Dr J. H. Bushill, The Laboratories, 149 Hammersmith Road, London, W. 14, ~ 
or to any bookseller. In the United States of America the Journal may be purchased | 
from the Cambridge University Press American Branch, 51 Madison Avenue, New York. | 
Communications respecting the sale of single issues or back numbers of the Journal, © 
Volumes 17—47, should be addressed to the Cambridge University Press, Bentley House, ~ 
200 Euston Road, London, N.W. 1. Volumes 1-15 have been reproduced and are available | 
from Messrs William Dawson & Sons, Ltd., 102 Wigmore Street, London, W. 1, at the pea 3 
given below. 4 
Claims for the replacement of Journals lost in transmission will not be entertained if 
they are received later than three months after the date of the posting of the Journal. 


Prices of back numbers of the Journal. 


Volumes 1-15 complete. £82. 108. bound, £75 unbound 
Separate volumes, £6 each bound, £5. 10s. each unbound 
Reduced terms are available to members of the Biochemical Society who should apply to the Honorary Secretaries. : 


In paper covers 
Volume 17 complete. £6 net 
Volume 18, No. 2. 15s. net 
Volume 19, No. 6. £1 net 
Volume 20. » 172. 6d. net 
Volume 21. - 108. net 
Volume 22. 
Volume 23 and 24. 
Volume 25. 
Volume 26, 27 & 28. 
Volume 29, Nos. 1, 2 and 4 to 12 inclusive. 
Volume 30, Nos. 4 to 8, 10 and 11. 
Volume 30, Index. 
Volume 31, Nos. 1, 2, 3, 5 to 8, and 11. 
Volume 31, Index. 
Volume 32, No. 8. 
Volume 32, Index. 
Volume 33, Nos. 8 to 12 inclusive. 
Volume 33, Index. 
Volume 34 and 35. 
Volume 36, 38 and 39. 
Volume 40. 
Volume 41, 42 and 43. 
Volume 44, 45 and 46. 
Index to Volumes 11-20. 
Index to Volumes 21-30. 
Index to Volumes 31-40. 
History of the Biochemical Society 

















rs a i 
haat i < 
; ae 
\ 
; . 
: 
~~ a 
Fs 
3 
pea 
4 . 4 
: 
; 
. 
5 
- oom 
“i « 
* A 
, Ls 4 
; 
A m p 
: ‘ 5 € 













CONTENTS OF VOLUME 47, No. 5, 1950 


(All rights reserved) 


PAGE 

The determination of ergothioneine. The non-occurrence of ergothioneine in urine. By A. Lawson, H. V. 
Mortey and L. I. Wooxr. (With one figure) ; : ‘ ; ‘ ; ‘ , . , . 4513 

The esterases of horse blood. 1. The specificity of horse plasma cholinesterase and ali-esterase. By L. M. 
SturGeE and V. P. WuitraKER. (With five figures 7 ; ; , : : ‘ ; ; . 4518 

oS 

The esterases of horse blood. 2. The specificity of horse erythrocyte cholinesterase. By L. A. MounTER and 
V. P. WuirtaKer. (With two figures) . 3 2 ‘ : : - ‘ . 5 ‘ j - 525 

Quantitative studies on the avidity of naturally occurring substances for trace metals. 1. Amino-acids having 
only two ionizing groups. By A. ALBERT. (With three figures) . : 7 ‘ ‘ ‘ ‘ ~ , ial 
The amino-acid composition of the protein material in soil. By J. M. Bremner. (With one figure) . . 538 


Studies in congenital porphyria. 3. The incorporation of 4N into the haem and glycine of haemoglobin. By 
C. H. Gray, I. M. H. Murr and A. Neusercer. (With three figures) : , : 2 ; . 542 
Biochemistry of locusts. 3. Insectorubin: the redox pigment present in the integument and eyes of the 
desert locust (Schistocerca gregaria Forsk.), the African migratory locust (Locusta migratoria migra- 
torioides R. & F.) and other insects. By T. W. Goopwin and S. Srisuxu. (With five figures) . . 549 







Biochemistry of locusts. 4. Insectorubin metabolism in the desert locust (Schistocerca gregaria Forsk.) and 
the African migratory locust (Locusta migratoria migratorioides R. & F.). By T. W. Goopwin. (With 
two figures) . : ; 7 ; , : i ; 








Vitamin B,-like activity of 2-amino-5-methylthiazole-4-carboxylic acid. By G. D1 Maaeto. (With one figure) 5624+ 






The heterogeneity of the glycerophosphate fraction of rat liver. By J. OLLEY and M. BLewert. (With two 
figures) 5 ; : 3 , , J ; ; ‘ ; ; 5 ; : 7 : . 564 






The quantitative reactions of thiols and disulphides with silver nitrate. By R. Cecm. (With nine figures) 57 





Comparative studies of ‘bile salts’. 1. Preliminary survey. By G. A. D. HasLtEwoop and V. Wootton 584 






Separation of the lower fatty acids as anions by paper chromatography. By F. Brown. ‘ : . 598 






Cholesterol metabolism. 2. Cholesterol metabolism in the rat. By R. P. Coox, N. Potgarand R.O.THomson — 600 





Manometric determination of L-aspartic acid in L-asparagine. By H. A. Kress . ; , , . 605 






The isolation from normal tobacco leaves of nucleoprotein with some similarity to plant viruses. By N. W. 






PIRIE . ; ; , ; 7 : : ‘ : : , , : ‘ : : : . 614 
The reaction between proteins and reducing sugars in the ‘dry’ state. Dried human blood plasma. By 
C. H. Lea, R. 8. Hannan and R. I. N. Greaves. (With three figures) , : : ‘ , . 626" > 





The metabolism of tyrosine and phenylalanine in premature infants: the effect of large doses. By L. I. WooLr 
and M. E. Epmunps. (With seven figures) . ; ‘ , 3 : ; ‘ : s 7 . 630 






Sodium ethanemonothiophosphonate. A weak antidote to mustard gas. By E. R. Hoxumay, J. St L. 
Puitpot and L. A. StockEN . : : ; ; : ; : : ; s ‘ 3 - 637 







Proceedings of the Biochemical Society 










Some comparative aspects of the biochemistry of fish. By E. BaLpwin : : ‘ ; j ; : liii 
The proteins of fish. By G. HamMor . ; ; : ; : ; : : ‘ : : ; . liii 
The chemistry and metabolism of the nitrogenous bases in fish. By J. M.SHEwan d ; ‘ ; liii 
The chemistry and metabolism of fats in fish. By J. A. LovERN : ‘ : ‘ ; ‘ ‘ - liv 
Carotenoids in fish. By T. W. Goopwin : ; 5 5; . : 7 ; : ; ; ; liv 

sile salts of fish. By G. A. D. HasLewoop . ; ; 4 . ‘ , . ; i / ; ; liv 
Economic aspects of the fishing industry. By C. L. Currrne ; ; , ; ‘ . ‘ ; lv 






[P.T.0. ] 








CONTENTS 


INDEX OF AUTHORS 


Albert, A. . 


Baldwin, E. 
Blewett, M. ‘ 
Bremner, J. M. . 
Brown, F. . 


Cecil, R. . 
Cook, R. P. 
Cutting, C. L. 
Di Maggio, D. 


Edmunds, M. E. 


Goodwin, T. W. . : ‘ ‘ 549, 


Gray, C. H. ; 
Greaves, R. I. N. 


Hamoir, G. 

Hannan, R.S. . ‘ 
Haslewood, G. A. D. . 
Holiday, E. R. 


Krebs, H. A. 


PAGE 
. 531 | Lawson, A. 
Lea, C. H. . 
liii | Lovern, J. A. 
564 


538 | Morley, H. V. 
598 | Mounter, L. A. 
Muir, I. M. H. 


572 es 
600 | Neuberger, A. 
lv 
Olley, J. 
562 


; Pirie, N. W. 
630 Polgar, N. . 


554, liv | Shewan, J. M. 
542 | Srisukh, S. . 
626 | Stocken, L. A. 

Sturge, L. M. 

liii 


626 | Thomson, R. O. . 


584, liv 


637 | Whittaker, V. P. 


Woolf, L. I. 
605 | Wooton, V. 





Philpot, J. St L. 


PAGE 
513 
626 

liv 
513 
525 


542 


542 





Vol. 47 


The Determination of Ergothioneine. The Non-occurrence 
of Ergothioneine in Urine 
By A. LAWSON, H. V. MORLEY 
Royal Free Hospital School of Medicine 


AND L. I. WOOLF (Imperial Chemical Industries Research Fellow) 
Institute of Child Health, The Hospital for Sick Children, 
Great Ormond Street, London, W.C. 1 


(Received 20 February 1950) 


The problem of the quantitative determination of 
ergothioneine in biological fluids presents many 
difficulties. Methods based on the reduction of the 
Folin-Marenzi phosphotungstic acid reagent are not 
specific enough (cf. Potter & Franke, 1935) ; attempts 
to determine ergothioneine in urine, using this 
reagent, are unsuccessful even when quite elaborate 
precautions are taken to remove interfering sub- 
stances (cf. Sullivan & Hess, 1933). 

The diazotized sulphanilic acid-sodium hydroxide 
reagent employed by Hunter (1928) gives coloured 
products with a number of compounds including 
all the thiolimidazoles examined, but has a great 
advantage over other reagents in that the intense 
magenta colour obtained with ergothioneine appears 
to be given only by this compound, the closely 
related thiolurocanic acid and 4-phenyl-2-thiol- 
imidazole. The method, however, has the dis- 
advantage of being rendered unreliable by a number 
of interfering factors and, in particular, cannot be 
employed with urine and with certain bloods such 
as ox blood, for example, owing possibly to the 
presence of ‘combined uric acid’ (Hunter, 1949). 

The Kraut reagent (potassium bismuth iodide) 
used by Klein & Linser (1933) as a precipitant in the 
determination of alkaloids in plant material seemed 
worthy of investigation and has been applied by us 
to the ergothioneine problem. In the work to be 
described we have investigated the ergothioneine 
content of normal urine, and of blood. It would 
appear that the use of the bismuth reagent has 
certain advantages over the direct determination by 
the Hunter (1949) method, and can be successfully 
applied in the case of ox blood. 

Work (1949) has reported an ergothioneine con- 
tent in normal urine of 130-300 mg./l., a finding 
which could not be confirmed by Woolf (1949). In 
the work described below we have demonstrated 
that ergothioneine does not occur in normal human 
urine in amounts sufficient to be detected (limit of 
detectability less than 1 mg./100 ml.}. Experiments 
with rats have shown that it is extremely improbable 
that ergothioneine would be excreted in the urine 
in any significant quantity. 
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MATERIALS AND EXPERIMENTAL 


Human urine. Pooled urine samples were used throughout. 
These were brought to pH 3-0 by the addition of HCl and 
allowed to stand at U° for 24 hr. The precipitate was then 
removed and the clear filtrate used in the tests. 

For direct paper chromatography this urine was treated 
by procedures (a) or (b). (a) Freeze dried, taken up in a little 
water, an equal volume of ethanol added, and the filtrate 
applied to the paper in the usual way in amounts equivalent 
to up to 600 wl. of the original urine. (5) Desalted in the 
apparatus described by Consden, Gordon & Martin (1947), 
concentrated in vacuo, and applied to the paper in amounts 
equivalent to 200, 400 and 800 ul. of the original urine. 
Urine to which a known amount of ergothioneine had been 
added was always, after treatment according to (a) or (6), 
run alongside the similarly treated original urine. 

Urochrome. This was prepared from pooled samples of * 
normal human urine, apparently free from protein, by the 
methods of Garrod (1894), Dombrowski (1908) and Drabkin 
(1930). 

Potassium bismuth iodide. This reagent, known as the 
Kraut or Dragendorff reagent, can be made up in different 
ways. The use of HNO, was not considered advisable, so 
the solution was made up by dissolving 16 g. (BiO),CO, in 
21 ml. cone. HCl. After filtration 41 g. KI in 125 ml. water 
were added and the deep red solution made up to 200 ml., the 
solution being then diluted with an equal volume of glycerol 
to inhibit hydrolysis of the reagent. 

Iodobismuthous acid. A modified form of the above 
reagent used for the blood ergothioneine determinations was 
made by dissolving 8 g. (BiO),CO, in 10 ml. HCl and adding 
28 ml. of colourless HI, sp.gr. 1-7, freshly distilled over red P, 
to the filtered solution. 

Folin-Marenzi reagent. Used as described by Rimington 
(1930). 

Hunter diazo reagent. Prepared and used as described by 
Hunter (1949). 


Determination of ergothioneine in simple solution 


The solution of ergothioneine (4 ml.) was acidified with 
1 drop of 3N-HCl and treated with 8 drops of the KBil, 
reagent. After standing at 0° for 5 min. a few drops of 0-5% 
aqueous choline chloride (sufficient to produce a visible 
precipitate) were added and the solution was centrifuged. 
The supernatant liquid was discarded and the tube allowed 
to drain thoroughly. The red precipitate was treated with 
water (2 ml.), and the buffer (2 ml.), followed by the diazo- 
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tized sulphanilic acid reagent (1 ml.) and 10N-NaOH (5 ml.) 
as described by Hunter (1949) to give a total volume of 
10 ml. After centrifuging to remove any Bi,O, produced as 
a result of hydrolysis of the precipitating reagent, the colour 
density was determined in a photoelectric colorimeter using 
Ilford filter no. 404. Alternatively, the ergothioneine pre- 
cipitate was treated with Na,SO, (0-5 ml.), Na,CO, (4 ml.), 
urea (2-5 ml.) and phosphotungstic acid (2-0 ml.) as described 
by Rimington (1930), the colour density of the resulting 
solution after centrifuging being determined using Ilford 
filter no. 204. 


Determination of ergothioneine in potassium 
chloride solution 


The determination of ergothioneine dissolved in 0-16% 
aqueous KC] solution (the K ion concentration corresponding 
to that obtained after 1 in 5 dilution of normal blood 
corpuscies) was also carried out as described above. In 
another series of experiments 1 drop of the iodobismuthous 
acid reagent was used as precipitant instead of the KBil,. 

When simple solutions of ergothioneine containing less 
than 0-3 mg./100 ml. are precipitated with K Bil, or iodo- 
bismuthous acid, it is difficult to collect by centrifuging the 
small amount of precipitate formed. After quite long periods 
of centrifuging the supernatant liquid still remains cloudy. 
To overcome this difficulty all precipitations in simple 
solution were carried out in the presence of just sufficient 
choline to produce a visible precipitate. Creatinine or 
betaine are equally effective. All three are precipitated by 
the Bil, reagents, but are without effect on the subsequent 
colour development by the Hunter reagent. Such co- 
precipitation considerably improves the recovery of the 
ergothioneine, doubtless owing to the mechanical carrying 
down of the suspended ergothioneine Bil, complex. 


Determination of ergothioneine in blood 


The methods of deproteinization and colour development 
were essentially those of Hunter (1949). Oxalated blood 
(2 ml.) was centrifuged and the plasma removed. The 
corpuscles were then made up to a volume of 5 ml. by the 
addition of 0-01N-acetic acid and the deproteinization 
carried out by heating in a boiling-water bath. After centri- 
fuging, 1 drop of 25% (w/v) basic lead acetate solution was 
added to the tube and the contents again centrifuged. A 
drop of 10% (w/v) H,PO, was then added and after centri- 
fuging a clear supernatant liquid was obtained. This was 
removed and the volume determined (3-7 ml. usually). After 
addition of 1 drop of 3N-HCIl, the solution was cooled to 0° 
and 1 drop of the iodobismuthous acid was added. After 
3 min. the small quantity of red precipitate obtained was 
collected by centrifugation and the tube drained thoroughly 
to remove the supernatant liquid. The ergothioneine in the 
precipitate was then determined as described above. 

Ergothioneine determinations were also carried out on 
blood plasma, but no ergothioneine could be detected. 
Recovery determinations were made using blood corpuscles 
to which different amounts of ergothioneine had been added. 

No addition of choline or creatinine was found necessary, 
as blood filtrates prepared as described gave a small amount 
of precipitate not due to ergothioneine, which served to 
bring down the ergothioneine complex satisfactorily. 
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Paper chromatography 


Paper chromatography was carried out by the ‘one- 
dimensional’ method as described by Consden, Gordon & 
Martin (1944). The filter paper used was Whatman no. 531; 
this resists the action of 10N-NaOH with which the paper is 
sprayed during colour development. The solvent mostly 
used was a mixture of 2:6-lutidine (2 parts) and 2:4:6- 
collidine (3 parts), nearly saturated with water. Phenol and 
p-cresol were also used on occasion. 

The substances run on the chromatograms were: (1) human 
and rat urines; (2) human blood corpuscles, haemolysed, 
deproteinized and desalted (vol. applied to paper=0-5, 1 
and 2 ml. of corpuscles) ; (3) human blood corpuscles, haemo- 
lysed and deproteinized, treated with the Kraut reagent, the 
resulting precipitate decomposed with H,S, the H,S removed 
by astream of N,, and the solution desalted (vol. applied=0-5, 
1 and 2 ml. of corpuscles); (4) the precipitate from human 
urine treated with the Kraut reagent, treated as in (3) 
(vol. applied=up to 800 yl. original urine); (5) human urine 
to which ergothioneine had been added, treated as in (4) 
(vol. applied=up to 800 yl. urine); (6) urochrome pre- 
parations (up to 160 ug.). Ergothioneine and 2-thiolurocanic 
acid were always run alongside the test solution, as was the 
test solution plus ergothioneine. 

After the solvent had run a convenient distance the paper 
was dried and the positions of ergothioneine and other 
reactants determined by using the Hunter reagent or the 
Folin-Marenzi reagent. For the Hunter method, 2 vol. of the 
diazotized sulphanilic acid reagent (Hunter, 1928) were mixed 
with 1 vol. of the sodium acetate-Na,CO, solution and the 
paper immediately sprayed with the mixture. About 30 sec. 
later the paper was sprayed with 10N-NaOH. For the Folin- 
Marenzi method the paper was sprayed with 3Nn-Na,CO, 
containing 5% Na,CO, and then, when nearly dry, with the 
Folin-Marenzi reagent. 

When phenol or p-cresol was used as solvent the paper was 
washed with ether before using the Hunter reagent. 

Ergothioneine in rat urine. A young rat (weighing 100 g.) 
was injected subcutaneously with 10 mg. ergothioneine and 
the urine collected over the following 24 hr. period. This urine, 
after desalting and concentrating twenty times in vacuo, 
was chromatographed on filter paper, using lutidine-collidine, 
alongside a similarly treated sample of urine from the same 
rat collected previous to the ergothioneine injection; 20 yl. 
of the concentrate were used each time. 


RESULTS 
Ergothioneine in simple solution 


Fig. 1 shows the calibration curves for the deter- 
mination of ergothioneine by the two direct methods 
and after precipitation with the bismuth iodide 
reagents. 

Precipitation of ergothioneine under the con- 
ditions described involves a loss due to the solubility 
of the precipitate. It would appear that for maxi- 
mum precipitation some alkali metal ions are 
necessary as low results: were obtained in simple 
solution using the iodobismuthous acid reagent. The 
smallest loss was given using iodobismuthous acid 
with 0-16 % potassium chloride, or iodobismuthous 
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acid with 0-13% sodium chloride, or potassium 
bismuth iodide with water, the loss in these cases 
amounting to 3 wg. of ergothioneine/ml. of solution. 
With potassium bismuth iodide in 0-16 % potassium 
chloride the loss amounted to 4 “g./ml., and this 
value increased with increase in the potassium 
chloride concentration. As these losses are quite 
constant, the accuracy of the method is not affected. 
In view of these results the iodobismuthous acid 
reagent was used in all blood determinations. 
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Fig. 1. Calibration curve for ergothioneine determination. 
©— ©, using Hunter diazo reagent and NaOH; x—~x, 
after precipitation from 4 ml. water with K Bil, and using 
Hunter diazo reagent and NaOH; [j—[], after pre- 
cipitation from 4 mi. 6-16% aqueous KCl with iodo- 
bismuthous acid, Ilford filter no. 404; A\W—/\, after pre- 
cipitation with KBil, from 5 ml. water and using Folin- 
Marenzi reagent, Ilford filter no. 204. 


The corresponding curve for the ergothioneine 
determination, using the Folin-Marenzi reagent after 
precipitation from simple solution, again does not 
go through the origin. In this case a small but con- 
stant colour value is given by the blank test without 
ergothioneine. It will be seen that the method em- 
ploying the diazo reagent is considerably more 
sensitive than the other. 


Ergothioneine in urine 


Human urine. When human urine was treated 
with the bismuth iodide reagent a bulky precipitate 
was obtained. This precipitate contains substances 
which interfere with the Hunter diazo reaction, and 
small quantities of ergothioneine added to the urine 
before precipitation cannot be detected when the 
diazo reagent is used for the determination. 

When, however, the bismuth iodide precipitate 
from normal urine is treated with the Folin-Marenzi 
reagent, the characteristic blue reduction product 
is always formed, corresponding to apparent ergo- 
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thioneine levels of 1-5 mg./100ml., and ergothioneine 
added to the original urine can be nearly quanti- 
tatively recovered when allowance is made for this 
blank value (Table 1). 


Table 1. Recovery of ergothioneine added to urine 
using Folin-Marenzi reagent on KBil, precipitate 


Amount of Apparent 
ergothioneine ergothioneine Ergothioneine 
added to urine content recovered 
(mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 
0 2-0 = 
1-6 3-4 1-4 
3-2 4-9 2-9 
4:8 6-4 4-4 


In order to test if the material in the original urine 
reacting with the phosphotungstic acid was, in fact, 
ergothioneine, the Kraut reagent precipitate was 
decomposed with hydrogen sulphide to remove bis- 
muth, hydrogen sulphide was driven off by a stream 
of nitrogen, and the resulting filtrate chromato- 
graphed one-dimensionally on filter paper after 
desalting. All R, values given in this section are in 
lutidine-collidine. 

No ergothioneine (R, 0-38) or thiolurocanic acid 
(R, 0-77) could, however, be detected on the paper 
after spraying with the Hunter diazo reagent fol- 
lowed immediately by 10N-sodium hydroxide. 
Urines, to which as little as 1-0 mg. ergothionine/ 
100 ml. had been added, gave chromatograms with 
the characteristic ergothioneine spot after similar 
treatment. 

Paper chromatograms of urines which had been 
freeze-dried and taken up in 50% ethanol, and of 
urines which had been desalted and concentrated in 
vacuo, showed no trace of ergothioneine on develop- 
ment with the Hunter reagent. Control experiments 
in which ergothioneine (1 mg./100 ml.) had been 
added to the original urine gave the expected 
characteristic spot. 

Freeze-dried urine concentrates (from urine kept 
at 0° and pH 3 for 24 hr.), prepared as above, were 
chromatographed on filter paper in lutidine-colli- 
dine, p-cresol, or phenol and developed by the Folin- 
Marenzi reagent. A number of blue spots were pro- 
duced, one corresponding to uric acid, and another 
to urochrome. At least one of these spots overlay the 
position of ergothioneine, a findmg which may 
explain the high levels of this substance in urine 
reported by other workers. When the urme was 
concentrated using the potassium bismuth iodide 
precipitation method, the number of blue spots was 
greatly decreased, those due to uric acid and uro- 
chrome being now the main ones. 

Rat urine. No ergothioneine or thiolurocanic acid 
was detectable by the Hunter reaction in the chroma- 
tograms of rat urine either before or after ergo- 
thioneine injection. Rat urine specimens, to which 
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ergothioneine was added, gave the characteristic 
magenta spot in the expected position. 

With the Folin-Marenzi reagent urine from normal 
rats and from injected animals gave spots due to 
uric acid (R, 0-48) and urochrome (R, 0-55). In 
addition, a diffuse spot from faster constituents 
(R, 0-8-0-98) was observed. With the Hunter 
reagent, corresponding spots, one orange-yellow 
(R, 0-55) the other light-yellow (R, 0-8—0-98), were 
obtained from the urine specimens, the second being 
present in greater amount in the urine of the ergo- 
thioneine-injected rat. 





Ergothioneine in blood 


Recovery of added ergothioneine. Table 2 shows the 
results for the determination of different amounts of 
ergothioneine added to blood corpuscles after re- 
moval of the plasma. These results, together with the 
proportionality, which was shown to exist between 
different volumes of the same blood filtrate and the 
ergothioneine content of the precipitates obtained 
from them with iodobismuthous acid, justify the 
allowance for solubility (3 ug./ml. of filtrate) which 
the findings above show to be associated with the 
precipitation of ergothioneine. 


Table 2. Recovery of ergothioneine added to blood 
corpuscles using the Hunter method of colour de- 
velopment after precipitation with iodobismuthous 
acid 

Ergothioneine (mg./100 ml. blood) 





~ 


Original 
Subject blood Added Found Calculated 
A 1-75 0-58 2-3 2-33 
1-15 2-9 2-90 
1-73 3-3 _ 3-48 
B 1-7 0-33 2-0 2-03 
0-65 2-5 2-35 
0-98 2-85 2-68 


Ergothioneine levels in normal blood. Table 3 
gives the levels of ergothioneine in the blood of a 
group of medical students. For comparison the 
corresponding values for the determination made by 
the Hunter method are given. Included in the table 
are the values for ox, rabbit, cat and guinea pig 
blood. In the case of ox blood less than 0-5 mg./ 
100 ml. ergothioneine was detectable by the Hunter 
method. 

Paper chromatograms of the bismuth iodide pre- 
cipitate from a specimen of human blood corpuscles, 
prepared as above, showed, on development with 
the Hunter reagent, a magenta spot in the correct 
position for ergothioneine. The size of the spot was 
in agreement with the value of 2 mg. ergothioneine/ 
100 ml. found by colorimetric determination. (From 
the size of the spot one can estimate the amount 
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of a substance present with an accuracy of about 
+50% by running suitable standards alongside.) 
Direct paper chromatography of the deproteinized 
blood corpuscles also gave the magenta ergo- 
thioneine spot, but the spot was distorted, probably 
by some substance of similar R, giving no colour 
with the Hunter diazo reagent. There was, however, 
no obvious loss of ergothioneine on passing through 
the bismuth precipitation. 


Table 3. Ergothioneine levels in blood 
Amount in mg./100 ml. blood 


Eee 
After 
precipitation by 
By Hunter  iodobismuthous 

Subject method acid 
P. A. 2-8 3-1 

PS. M. 1-4 2-45 

BW 1:8 2-35 
S. R. W. 1-5 2-0 
J. B. 2-3 2:3 
J.T.C. 2:1 2:3 
J. E.C. 1-6 2-1 

F. D. — 2-25 
J.R. — 2-0 
R. L. — 2-0 
H. M. — 2-1 
Ox (1) < 4:3 
Ox (2) <0°5 4-6 
Guinea pig (1) -- 4-5 
Guinea pig (2) — 5-0 
Cat (1) —- <0-8 

Cat (2) — 1-25 
Rabbit — 2-2 


The use of the Folin-Marenzi reagent to develop 
paper chromatograms of deproteinized haemolysed 
blood corpuscles reveals the presence of numerous 
reducing substances. If the filtrate from the de- 
proteinized haemolysed blood corpuscles is treated 
with potassium bismuth iodide and the precipitate 
freed from bismuth as above, ergothioneine is left, in 
the resulting filtrate, as the main substance reacting 
with the Folin-Marenzi reagent on paper chromato- 
grams. This proves that the potassium bismuth 
iodide precipitation removes interfering substances 
such as glutathione. 


Urochrome 


Paper chromatograms of the three urochrome pre- 
parations showed the presence of a main component 
of R, 0-55 in lutidine-collidine, giving a pale-orange 
colour with the Hunter reagent, and a blue colour 
with the Folin-Marenzi reagent. Uric acid was also 
present in urochrome prepared by the methods of 
Garrod (1894) and of Dombrowski (1908). This was 
identified by the R, values of 0-48 in lutidine- 
collidine and 0-05 in p-cresol, and by the character- 
istic intensity and speed of development of colour 
with the Folin-Marenzi reagent. 
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DISCUSSION 


The use of the Kraut reagent or iodobismuthous acid 
offers a useful method of concentrating ergothioneine 
prior to its determination either by use of the Hunter 
reagent or by measuring the blue reduction product 
formed from the Folin-Marenzi reagent. By em- 
ploying these reagents, one can remove interfering 
substances such as phenols, tyrosine or cysteine in 
the case of the Hunter reagent, and uric acid, cystine 
or glutathione in the case of the Folin-Marenzi 


reagent. 
Blood 


The use of iodobismuthous acid as a precipitant 
for ergothioneine in blood filtrates has certain advan- 
tages over the direct determination by the Hunter 
(1949) method. The yellow-colour development re- 
ferred to by Hunter occurring with certain blood 
filtrates is to a considerable extent reduced. This 
yellow colour is a serious difficulty in the case of 
bloods of relatively low ergothioneine content such 
as those reported here. In ox-blood filtrates which 
gave scarcely detectable amounts of ergothioneine 
by the Hunter method satisfactory colour develop- 
ment is obtained. 

The ergothioneine levels for human blood reported 
here are considerably lower than those previously 
published for Canadian subjects (Hunter, 1949). 
Hunter (1950) has also found lower values in subjects 
resident in England. Our lack of knowledge as to 
the origin of ergothioneine renders any explanation 
of this a matter of speculation. Blood ergothioneine 
levels for other species, except the ox, are in general 
agreement with those reported by Hunter (1928). 


Urine 


Not all substances interfering with the ergo- 
thioneine colour reactions can be removed by the 
bismuth iodide reagents; thus in the precipitate 
obtained from urine there are present substances 
of unknown composition that inhibit the Hunter 
reaction. These would prevent the determination of 
ergothioneine by this means if there were any 
present. The Folin-Marenzi reaction applied to these 
precipitates gives high false positive results owing 
to the presence of reducing substances, chiefly uric 
acid and urochrome. 

No ergothioneine could be detected by paper 
chromatography of several specimens of human 
urine concentrated in three different ways. The 
absence on the chromatogram of inhibition of colour 
development by any substance in the urine was 
demonstrated by the production of a coloured spot 
from urine to which ergothioneine. had been added 
before concentration. This spot was, at most, very 
slightly reduced in size and intensity as compared 
with a spot from an equivalent amount of ergo- 
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thioneine alone. The least amount of ergothioneine 
that could be detected was about 5 wg. Having in 
mind the sensitivity of the method it can be con- 
cluded that if ergothioneine is present in normal 
urine the quantity must be less than 1 mg./100 ml. 

This view is strengthened by the results obtained 
on rat urines. A subcutaneous injection of 10 mg. of 
ergothioneine in a 100 g. rat is a relatively enormous 
dose. Yet the urine of the next 24 hr. contained no 
trace of ergothioneine detectable by paper chroma- 
tography, that is less than 2 mg./100 ml. in the case 
of rat urine, or 0-25 mg. in all. It would seem that 
ergothioneine is not excreted even when the body is 
grossly overloaded, and it is therefore safe to deduce 
that it will not normally be excreted. Although 
obtained in a different animal species this is in con- 
formity with our results with human urine. 

The finding that urochrome is precipitated from 
urine by the Kraut reagent is not surprising, since 
heavy metal salts are known to precipitate uro- 
chrome. It is, however, rather surprising to find that 
some of the uric acid in urine is not precipitated in 
24 hr. at pH 3 and 0°, that this is precipitated on 
adding the Kraut reagent, and then redissolves on 
treating the precipitate with hydrogen sulphide. It 
is difficult to account for this except by supposing 
that uric acid is in loose chemical combination with 
urochrome as suggested by Rangier (1935). The 
finding of uric acid in urochrome prepared by the 
methods of Garrod (1894) and Dombrowski (1908) 
supports this view. This chemical combination may 
be the reason for the unexplained high solubility of 
uric acid in urine. 

Specificity of the Hunter reaction. The deep 
magenta colour in the Hunter reaction is, as far as 
we know, given only by ergothioneine, 2-thioluro- 
canic acid and 4-phenyl-2-thiolimidazole. All other 
substances examined, including about forty 2-thiol- 
imidazole derivatives gave at most a yellow to 
orange colour under the conditions of the test (cf. 
Hunter, 1930). 


SUMMARY 


1. The use of the Kraut reagent (KBil,) and 
iodobismuthous acid respectively in the determina- 
tion of ergothioneine is described. 

2. By methods of paper chromatography it is 
found that ergothioneine does not occur in amounts 
greater than 1 mg./100 ml. in normal human urine. 

3. In rats, a large subcutaneous dose of ergo- 
thioneine is not excreted in the urine as ergo- 
thioneine or thiolurocanic acid. 


One of us, L. I. W., wishes to thank the Hospital for Sick 
Children, Great Ormond Street, for laboratory facilities and 
Mr J. P. Berry for technical assistance. We are grateful to 
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Medical Research Council to A. L. and H. V. M. 
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The Esterases of Horse Blood 
1. THE SPECIFICITY OF HORSE PLASMA CHOLINESTERASE AND ALI-ESTERASE 


By LUCY M. STURGE anp V. P. WHITTAKER 
Department of Biochemistry, University of Oxford 


(Received 3 August 1949) 


The work of Adams & Whittaker (1948, 1949), 
Adams (1949) and Whittaker (1949a@) has shown that 
the cholinesterases of human erythrocytes, pigeon 
brain and human plasma are able to hydrolyse many 
simple aliphatic esters. For a given acyl group, the 
aliphatic esters most rapidly hydrolysed are those of 
3:3-dimethylbutanol (I), the uncharged carbon 
analogue of choline (II), other esters being hydro- 
lysed at a rate mainly dependent on the degree 
of their deviation from this structure. The effect of 


Me, ¥ , 
e J fe Ds Me 

Me’ \\CH,CH,OH Me \CH,CH,OH 
(1) (iT) 


the acyl group depends on the cholinesterase. In 
any series, choline or non-choline, acetate is the 
optimum group for the erythrocyte and brain 
cholinesterases, and butyrate for the plasma cholin- 
esterase. This difference provides a basis for a no- 
menclature which does not depend either on the 
assumption that one cholinesterase is more or less 
specific than another or upon its supposed physio- 
logical function or lack of function. We may term all 
those cholinesterases possessing a specificity pattern 
similar to the human erythrocyte and pigeon-brain 
cholinesterases, acetate-cholinesterases or aceto- 
cholinesterases, and those possessing a specificity 
pattern similar to that of human plasma cholinester- 
ase, butyrate- or butyro-cholinesterases. (The terms 
aceto- and butyro-cholinesterase were suggested by 
Dr D. Richter at the May meeting of the Biochemical 
Society in 1948; cf. also Augustinsson & Nachman- 
sohn (1949), whose publication appeared during the 
preparation of this paper.) It is possible that other 
cholinesterase; at present regarded as belonging to 
the ‘true’ (‘specific’, ‘e-type’) or ‘pseudo’ (‘un- 
specific’, ‘s-type’) classes will prove to possess one or 


other of these two types of specificity pattern. To 
test this possibility further, the specificity of the 
cholinesterases of horse blood has now been in- 
vestigated, the results obtained with the plasma (or 
serum) cholinesterase appearing in this paper, and 
those with the erythrocyte cholinesterase in the next 
(Mounter & Whittaker, 1950). We have also studied 
the specificity of the aliphatic esterase (ali-esterase 
of Richter & Croft, 1942) of horse serum with the 
object of defining more precisely the difference 
between these two types of esterase. A summary of 
this work has been given by Whittaker (19496). 


Horse serum has been a favourite source of cholinesterase 
for many workers, sometimes with misleading results. The 
native serum was found by Stedman, Stedman & Easson 
(1932) to hydrolyse both choline and non-choline esters, i.e. 
acetylcholine and butyrylcholine, methyl butyrate and tri- 
butyrin. Fractionation with (NH,).SO, gave a preparation 
with a higher cholinesterase activity than the original serum 
but a lower aliphatic esterase activity. Easson & Stedman 
(1937) showed that suitable concentrations of prostigmine 
and eserine markedly inhibited cholinesterase activity while 
leaving the aliphatic ester hydrolysis unaffected, and also, 
that the rate of hydrolysis of a mixture of butyrylcholine and 
either methyl butyrate or tributyrin was greater than that 
of any of these substrates alone. They concluded that there 
were at least two enzymes present in horse serum, a cholin- 
esterase and an aliphatic esterase, but admitted that the 
results did not exclude a small action on tributyrin by 
cholinesterase. Richter & Croft (1942) came to essentially 
the same conclusions as Stedman and his co-workers. They 
were able to confirm the separate identity of the aliphatic 
esterase (ali-esterase) by partial separation using adsorption, 
heat treatment or ageing and by inhibitor experiments. 
Glick (1938, 1939, 1941) carried out extensive specificity 
studies with native serum. He confirmed the increase in rate 
of hydrolysis found by Easson & Stedman (1936) as the 
homologous series of n-acylcholines is ascended as far as 
butyryl, and also showed that a further increase in acyl 
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group size is attended by a fall in rate of hydrolysis. He 
examined a few aliphatic substrates, but this part of his work 
is vitiated by the fact that native horse serum is now known 
to contain more than one esterase attacking aliphatic esters. 
Mendel & Rudney (1943), using various fractions of purified 
horse serum cholinesterase obtained by Strelitz (1944), 
showed that 118-fold purification was accompanied by a 
marked fall in the tributyrin:acetylcholine, and methyl 
butyrate: acetylcholine, activity ratios, but further purifica- 
tion did not significantly alter the residual ali-esterase: 
cholinesterase ratio. Eserine inhibited the cholinesterase and 
ali-esterase activities of their best preparations equally. They 
concluded that the small hydrolysis of these butyrate esters 
by the purified preparations was effected by the cholin- 
esterase, which was, therefore, to this extent non-specific. 
Further evidence for the non-specific character of this 
cholinesterase comes from Augustinsson (1948) who has 
shown that it hydrolyses acetylaneurin, salicylcholine and 
acetylsalicylcholine. 


In this paper we show that purified cholinesterase 
preparations obtained by Strelitz’s (1944) method, 
and having the same ratio of activities towards 
tributyrin and acetylcholine as her preparations, are 
able to hydrolyse a large number of aliphatic sub- 
strates. The specificity pattern is similar to that 
already found for human plasma cholinesterase 
(Adams & Whittaker, 1949), but aliphatic esters are 
hydrolysed relative to acetylcholine at only about 
one-third to one-half the rate obtained with the 
human plasma enzyme, and there is a less prominent 
peak with esters with four carbon atoms in the acyl or 
alkyl group. The difference is thus not unlike that 
between the human-erythrocyte and pigeon-brain 
cholinesterases. We have also studied the specificity 
of the ali-esterase of horse serum. As expected, it is, 
in its response to changes in acy] and alkyl group size 
and to chain branching in the alkyl group, quite 
different from the cholinesterase of horse plasma; 
this confirms our previously expressed view that the 
rates of hydrolysis of simple aliphatic substrates by 
the cholinesterases are related to the extent to which 
the choline ester configuration is approached. 


METHODS 


Measurement of enzyme activity. Rates of hydrolysis were 
measured by the Warburg manometric technique (Ammon, 
1933), in which the acid liberated during the course of the 
reaction displaces an equivalent amount of CO, from 
NaHCO,-CO, buffer at pH 7-4 and 38°. The solution in each 
vessel (total vol. 3 ml.) contained 0-023mM-NaHCO, in 
equilibrium with 5% CO,+95% N, in the gas phase. Ali- 
phatic esters were added to the bottles as the pure liquid 
esters to give (unless otherwise stated) an ‘effective’ con- 
centration (i.e. the concentration that would have been ob- 
tained if all the ester had dissolved) of approx. 1-5% (v/v). 
They were usually placed in the main compartment, the 
enzyme (adjusted to give 50-200 ul. CQ, in 30 min.) being 
contained in the side bulb, but when this arrangement was 
reversed, and the ester added to the side bulb, as in competi- 
tion or inhibitor experiments, it was covered with 0-5 ml. of 
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0-023 m-NaHCO,. Choline esters were added as freshly pre- 
pared solutions in NaHCO, to the side bulbs to give a final 
concentration of 0-03M, the enzyme being added to the main 
compartment. These concentrations gave constant rates of 
evolution for 30 min. In a few experiments with lower con- 
centrations, no evidence was obtained of abnormal initial- 
velocity-concentration curves and under our conditions the 
enzyme appeared to be saturated. 

Vessels to which the appropriate additions had been made 
were attached to the manometers, gassed, and equilibrated in 
the thermostat for 20 min. Enzyme and substrate were then 
mixed and after another 5 min. taps were closed and readings 
commenced. Initial velocities were measured in duplicate 
during 15 and 30 min. Non-enzymic controls were included 
in all experiments and the appropriate corrections made. 

A few esters show troublesome negative readings (Adams, 
1949) unless ample time is allowed for them to come to 
equilibrium with the aqueous phase. These esters were 
shaken with NaHCO, solution for 3 hr. and the emulsion 
rapidly transferred to the Warburg vessels. 

Substrates. Choline esters and a number of aliphatic esters 
were obtained commercially; other esters were made in the 
laboratory by standard methods. Aliphatic esters were 
distilled before use, the first and last third of the distillate 
being rejected. They were pure as judged by the usual 
chemical criteria of boiling point and elementary analysis. 
isoAmy] esters were derived from technical ‘amyl alcohol’, 
containing about 90% of the iso-isomer. 3:3-Dimethyl- 
butyl propionate was kindly provided by Dr A. J. Birch (see 
Birch, 1949, forsynthesis and analysis). Abbreviations of the 
names of esters are given in Table 1. 


Table 1. Abbreviations of names of esters 


Acyl radical Alcohol radical 


Ac Acetate Ch Choline 

Prt Propionate Me Methyl 

But Butyrate Et Ethyl 

Bz Benzoate Pr Propyl 

Ca Caproate Bu Butyl 

(hexanoate) 

Va_ Valerate Am Amyl 

Hx Hexyl 


Examples. ButCh = butyrylcholine ;3:3-diMeBuBut =3:3- 
dimethylbutyl butyrate. 

The well known abbreviations ACh, TA and TB are re- 
tained for acetylcholine, triacetin and tributyrin. 


Units. Enzymic activity is expressed in the Q notation as 
acid formed in pl. at N.T.P./mg. dry wt./hr. The substrate is 
denoted by a symbol in brackets, thus: Q(ACh), Q(TB). To 
conform to the conventions of the Biochemical Journal 
(see Suggestions to Authors, 1949) the acid formed should 
appear as a subscript thus: Q acetic acid (ACh), Q butyric acid (TB). 
To save space these subscripts have been omitted through- 
out. Dry weights were determined by drying 1 ml. of 
dialysed solution at 110°. 

Rates are also frequently expressed as percentages of the 
acetylcholine rate under identical conditions of enzyme con- 
centration, temperature and pH, duplicate determinations 
agreeing to within 5%. Degrees of purification are the ratios 
of the Q values of purified fractions to those of the starting 
materials. Yields are obtained by expressing the total 
activity of a final fraction (pl. acid (or CO,)/ml./hr. x vol. of 
fraction in ml.) as a percentage of the initial total activity. 


RESULTS 





A. Cholinesterase 


Preparation of cholinesterase 


Cholinesterase was prepared from sterile citrated 
horse plasma and horse serum provided by the 
Experimental Station, Porton, and stored at 0° after 
the addition of a few drops of chloroform. The first 
three stages of Strelitz’s (1944) purification were used 
as a basis. The object of purification was primarily to 
obtain an enzymically homogeneous cholinesterase 
preparation free from ali-esterase, and only second- 
arily to obtain a highly active one. Triacetin was 
used to measure the ali-esterase activity; the rate of 
hydrolysis of this substrate by native plasma or 
serum is very variable, sometimes being as much as 
three times that of acetylcholine. Even a moderate 
degree of purification greatly reduces the rate of 
hydrolysis of triacetin relative to that of acetyl- 
choline, but we have not been able to reduce it below 
about 6 % of the acetylcholine rate (see Table 2), and 
it is likely that this represents the contribution of the 
cholinesterase to the total triacetin hydrolysis. We 
have therefore used a triacetin hydrolysis of this 
figure as a working criterion of freedom from ali- 
esterase. 

With serum, no difficulty was experienced in 
repeating Strelitz’s method, but with citrated plasma 
certain discrepancies were noted after her stage 1. 
Thus, in the second stage no precipitate was ob- 
tained when the solution was 0-4 saturated with 
ammonium sulphate; this stage was therefore 
omitted and the solution brought to 0-45 saturation 
and pH 3-5 (stage 3). This treatment precipitated 
most of the cholinesterase instead of leaving it in 
solution. 

Typical preparations were as follows: 

(1) Plasma (1 1.; Q(ACh), 56; Q(TA), 44) was taken through 
stage 1. A precipitate (1a), obtained by 70% saturation with 
(NH,).SO,, was taken up in water and dialysed. Purification 
13-fold, yield 46%. 

(2) Plasma (11.; Q(ACh), 27; Q(TA), 84). A precipitate, 
obtained as in preparation 1, was extracted with 20 ml. of 
acetate buffer pH 3-5. The extract after 45 % saturation with 
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(NH,),SO, yielded a precipitate (2a) which contained most of 
the activity. This was dissolved in water and dialysed. 
Purification 70-fold, yield 25%. 

(3) Serum (11.; Q(ACh), 35; Q(TA), 104) was taken to 
stage 3 of Strelitz’s preparation. After dialysis the clear 
filtrate (3a) had purification 110-fold, yield 10%. 

No difference was detected in preparations 
derived from plasma and serum and these terms are 
used interchangeably to designate the source of the 
enzyme. 

Evidence of homogeneity 


Effect of increasing purification. Table 2 shows that 
further purification did not eliminate the hydrolysis 
of aliphatic esters shown by partially purified 
cholinesterase, and left the ratios of activities un- 
affected. The figures for tributyrin are approxi- 
mately equal to (actually a little lower than) those 
obtained by Mendel & Rudney (1943) and Strelitz 
(1944) in preparations up to 600 times as active as 
the original serum. There is little doubt, therefore, 
that all these fractions were enzymically homo- 
geneous and did not contain ali-esterase. That the 
enzyme removed in the purification was an ali- 
esterase and not a second cholinesterase is supported 
by the fact that the benzoylcholine: acetylcholine 
ratio, unlike the aliphatic ester : acetylcholine ratios, 
was unaffected by purification. 

Inhibitor experiments. Experiments with eserine 
confirmed that the hydrolysis of aliphatic substrates 
by these purified fractions was effected by the 
cholinesterase. Table 3 shows that 10-5m-eserine, a 
concentration shown by Richter & Croft (1942) to 
inhibit horse serum cholinesterase completely with- 
out affecting the ali-esterase, produced complete or 
almost complete inhibition of the hydrolysis of both 
choline and non-choline esters by one of our purified 
fractions. 

Competition experiments. Table 4 shows that 
choline and non-choline esters compete for the horse 
plasma cholinesterase. It will be noted that the rate 
of hydrolysis of the mixed esters lay, with each pair 
of esters, between the rates of hydrolysis of each ester 
measured separately. If the hydrolysis of the ali- 
phatic ester had been due partly or wholly to a 


Table 2. Effect of purification on the specificity of horse-plasma cholinesterase 


Rate of hydrolysis of other substrates 
expressed as percentage of ACh rate 
A 





Degree of c — 
Preparation Q(ACh) purification TA TB isoAmAc =isoAmBut BzCh 
Unpurified material 
1 56 -— 78 — — — —_— 
2 27 ne 313 198 578 235 31 
3 35 — 297 — — nik was 
Purified fractions i 
la 725 13-fold 6-4 30 7:8 13-3 31 
2a 1900 70-fold 6-3 24 7:7 13-3 — 
3a 4150 110-fold 5-9 28 8-5 13-5 29 





a fg sabes & for oe 
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second enzyme we should have expected the rate of 
hydrolysis of the mixed esters to have exceeded that 
of either ester alone. This state of affairs is indeed 
shown in the last line of Table 4, which records an 
experiment with a preparation of ali-esterase con- 
taining some cholinesterase. It will be seen that the 
rate of hydrolysis of the mixed esters exceeded that 
of either ester alone, but was not quite equal to the 
sum of their rates. As the contribution of the 


Table 3. Inhibition of ester hydrolysis by eserine 


(Preparation 3a (see Table 2); choline esters, 30 mm; 
aliphatic esters, 100 mm; eserine, 10 uM.) 


Inhibition 
Substrate (%) 
ACh 99 
BzCh 89 
TA 100 
TB 100 
2-EtBuAc 100 
n-AmPrt 100 
isoAmPrt 100 
isoAm But 99 


cholinesterase to the hydrolysis of the aliphatic sub- 
strate could only have been 2 or 3yl., it is possible 
that butyrylcholine was weakly inhibiting the 
ali-esterase. 


The specificity of the plasma cholinesterase 


As in earlier studies (Adams & Whittaker, 1949), 
the specificity of preparations of purified cholin- 
esterase has been explored by measuring the rates of 
hydrolysis of a large number of aliphatic substrates ; 
these are expressed as a percentage of the rate of 
hydrolysis of acetylcholine under identical condi- 
tions. The preparations used were those listed in the 
previous section and fractions of another prepara- 
tion similar to no. 2. 

The effect of increasing chain length in the acyl 
radical of homologous series of aliphatic esters is 
shown in Fig. 1a, and in the alkyl radical in Fig. 2a. 
A comparison with Adams & Whittaker’s data (re- 
produced in Figs. 1b and 2b) shows at once that while 
the general pattern of activity of the two enzymes is 
similar, the aliphatic esters are split at a half or less 
of the rate relative to acetylcholine found with the 
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enzyme of human origin, and the sharp peak with 
butyl and with butyrate found with the human 
enzyme is not obtained kere. The effect of chain 


(a) Horse plasma 


(b) Human plasma 
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No. of C atoms in n-alkyl group 


Fig. 1. Effect of changes in acyl group size on rate of hydro- 
lysis of aliphatic esters by plasma cholinesterase. (a) 
Horse plasma. (6) Human plasma. 
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(a) Horse plasma (b) Human plasma 


= 
Oo 





Propionates 


Rate of hydrolysis (% of ACh rate) 


Oo 


4 5 
No. of C atoms in n-alkyl group 


Fig. 2. Effect of changes in alkyl group size on rate of hydro- 
lysis of aliphatic esters by plasma cholinesterase. (a) 
Horse plasma. (6) Human plasma. 


branching in the alkyl group on the rate of hydrolysis 
of one series of aliphatic esters (propionates) is shown 
in Fig. 5a. Again the branched-chain esters are 
hydrolysed somewhat less rapidly than was to be 
expected from the results with the human enzyme, 


Table 4. Competition for horse-plasma esterases by choline and non-choline esters 





Substrates Rate of hydrolysis (uJ. CO,/0-1 ml./hr.) of 
oo CF _ in ‘ 
(a) (5) (a) (5) Mixed (c) (c —a) 
Cholinesterase 
BzCh isoAmAc 440 131 314 — 126 
BzCh tsoAmBut 411 180 390 - 21 
BzCh isoAmCa 365 49 364 =~ s 
BzCh TB ; 234 206 108 — 126 
Ali-esterase 
isoAmAc ButCh 253 77 277 + 24 
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but again there is the same pattern of specificity, 
and the same marked increase in rate as the choline 
configuration is approached which seems to be 
characteristic of cholinesterases. Data for three 
additional compounds not shown in the graphs are 
given in Table 5. 





Table 5. Rates of hydrolysis of butyrylcholine, benzoyl- 
choline and 2-ethylbutyl acetate by horse-plasma 


cholinesterase 
Rate of hydrolysis 


Substrate (% of ACh rate) 
ButCh 250 
BzCh 29 
2-EtBuAc 2 


B. Ali-esterase 


The specificity of the ali-esterase of horse plasma 
was studied by three methods. 

(1) By measuring the rate of hydrolysis of ali- 
phatic esters by native plasma with suitable correc- 
tion for the contribution made by the cholinesterase. 
This was obtained from the acetylcholine rate and 
the percentage rate of hydrolysis of the aliphatic 
substrate determined during the investigation of the 
specificity of the cholinesterase. Most determina- 
tions were carried out on plasma 2 which had a 
particularly high ali-esterase activity. For most sub- 
strates, the correction was less than 10%, and the 
highest (for tributyrin and 3:3-dimethylbutyl pro- 
pionate) was only about 15%. As an example, the 
rate of hydrolysis of isoamyl acetate by native 
plasma was 10,170 yl. CO,/ml./hr.; that of acetyl- 
choline was 2030. Cholinesterase hydrolyses isoamyl 
acetate at 7-8 % of the acetylcholine rate and so con- 
tributed 2030 x 0-078 or 160 ul./ml./hr. to the total 
hydrolysis. Ali-esterase must therefore have con- 
tributed 10,170— 160 or 10,010 pl./ml./hr. 

(2) Some measurements were made in the presence 
of 10-5m-eserine, which completely, or almost com- 
pletely, abolishes cholinesterase activity. 

(3) Partial separation of ali-esterase from cholin- 
esterase was effected by fractionation with am- 
monium sulphate. 


Partial separation of ali-esterase from cholinesterase. 
Experiments in which native plasma was submitted to step- 
wise salting out with (NH,).SO,, and observations made 
during the cholinesterase preparations, suggested that the 
ali-esterase was mainly precipitated with the albumin 
fraction. Accordingly, an attempt was made to separate ali- 
esterase by conforming to conditions which favour a sharp 
separation of albumin, i.e. the use of fresh serum and pre- 
cipitation by 0-5 saturation at pH 4-6 after removal of 
globulin. Serum (1 1.) was diluted with glass-distilled water 
(350 ml.) and brought to 0-5 saturation by the addition of 
1350 ml. of saturated (NH,),SO, at 0° during 1 hr. After 3 hr. 
the serum globulin was removed by vacuum filtration 
through an 18-5 cm. Whatman no. 54 filter paper. The filtrate 
was brought to pH 4-6 with glacial acetic acid, allowed to 
stand 10 hr. and refiltered as before. The light-yellow pre- 
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cipitate was taken up in water and neutralized with N-NaOH, 
dialysed and NaHCO, added to 0:2 % (w/v). 


Table 6 shows that, although the Q(tsoAmAc) of 
the albumin fraction had been somewhat reduced 
(to about 80% of the initial value), the Q(ACh) 
value was only about one-quarter of the original 
value and the Q(isoAmAc)/Q(ACh) ratio had been 
trebled. The cholinesterase content is so low that its 
contribution to ali-esterase hydrolysis for most sub- 
strates is negligible. 


Table 6. Separation of ali-esterase and 
cholinesterase activities 


Q(isoAmAc)/ 
Fraction Q(ACh) Q(isoAmAc) Q(ACh) 
Original serum 39 158 4-1 
Albumin fraction 10 121 12-4 


Recovery of ali-esterase activity in the various 
fractions of the cholinesterase preparations was low 
when plasma was used as the source of enzyme, but 
was better (60%) with serum. It is possible that the 
‘albumin’ fraction from a serum preparation would 
be a suitable starting material for further work. 

Comparison of different methods. In Table 7 are 
presented specificity data obtained by the three 


Table 7. Comparison of specificity data for horse- 
serum ali-esterase obtained by three methods 


(Rate of hydrolysis is expressed as percentage of rate of 
hydrolysis of isoamyl acetate. (a) Rate obtained with un- 
purified plasma corrected for cholinesterase. (6) Rate 
obtained with unpurified plasma in presence of 10ym- 
eserine. (c) Rate obtained with partially purified prepara- 
tion corrected for residual cholinesterase. No. of determina- 
tions averaged is shown in brackets.) 


Rates of hydrolysis 





c oe. 

Substrate (a) (b) (c) 
isoAmAc 100 100 100 
isoAmPrt 73 (3) 71 76 (2) 
isoAm But 46 (3) 45 47 (2) 
AmAc 66 (2) —_ 71 
AmPrt 49 (2) ~- 55 (2) 
PrPrt 45 (2) — 53 
PrBut 72 (2) 73 93 (2) 
BuPrt 92 (2) a 108 (2) 
BuBut 71 (2) 69 74 
TA 62 (4) 59 (2) 87 (3) 
TB 35 (2) 33 49 
2-EtBuAc 146 (2) — 147 
MeBut 52 (2) 57 — 
3:3-diMeBuPrt 37 (2) 37 _ 
BzCh 0 0 _ 


methods described above. Taking the rate of hydro- 
lysis of isoAmAc as standard and expressing the 
rates of hydrolysis of the other aliphatic substrates 
as a percentage of this rate, good agreement (approx. 
10% or less) is obtained between the different 
methods, except for three substrates, PrBut, TA and 
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TB. Although the rates of hydrolysis of these sub- 
strates in the presence of eserine agree well with 
those obtained with native plasma by correcting for 
cholinesterase, the rates obtained with the partially 
purified ali-esterase are distinctly higher. This will be 
commented on later. In the graphs these high rates 
have been neglected when taking an average. The 
failure of the ali-esterase to attack benzoylcholine 
should also be noted. 

Specificity of ali-esterase. The data are presented 
graphically in Figs. 3, 4 and 5b in such a way as to 
illustrate the effect of change of acyl group size 
(Fig. 3), alkyl group size (Fig. 4) and chain branching 
(Fig. 5b) on the rate of hydrolysis. Comparison with 
the data for cholinesterase (Figs. la, 2a and 5a) 
shows that an entirely different specificity pattern is 
obtained. In Fig. 3 it will be seen that increasing acyl 
group size markedly decreases, in three series of 
esters, the rate of hydrolysis by ali-esterase. The 
ethyl esters, the least rapidly hydrolysed, behave, 
however, in the opposite way. The propyl series 
shows an intermediate behaviour in that an increase 
from acetate to propionate leads to a fall in the rate of 
hydrolysis, but with the butyrate there is a marked 
increase, which exceeds the preceding fall. 

In Fig. 4, it will be seen that there is a tendency for 
a peak to occur at n-butyl, but again the rate of 
hydrolysis of propyl butyrate prevents a satisfactory 
generalization being made. A comparison of Fig. 5a 
with Fig. 5b shows that the effect of chain branching 
is quite different in the two enzymes. Although with 
both the butyl ester is the most rapidly hydrolysed 
of the n-alkyl propionates, the peak is actually much 
more pronounced with the ali-esterase. But whereas 
chain branching in the 3-position as in primary iso- 
amyl propionate, 3:3-dimethylbutyl propionate, is 
accompanied by a big increase in rate of hydrolysis 
by the cholinesterase, it causes a fall in the rate of 
hydrolysis by the ali-esterase. The two enzymes also 
respond differently to chain branching in the 2- 
position. Substitution of an ethyl group in the 2- 
position in butyl acetate causes a fall in the relative 
rate of hydrolysis by cholinesterase of nearly 50%, 
but a rise in the rate of hydrolysis by the ali-esterase 
of 35%. 


DISCUSSION 


The close similarity between human and _ horse 
plasma which has been generally accepted by 
previous workers extends to their behaviour to- 
wards non-choline esters. Like the human enzyme, 
the horse enzyme hydrolyses aliphatic esters at a rate 
which increases with the extent to which they 
approach the configuration of choline esters; also 
like the human enzyme, it hydrolyses butyryl esters 
more rapidly than acetates in every series so far in- 
vestigated, whether choline, glyceryl or alkyl. In the 
four series for which there are data, the choline 
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(Glick, 1941), butyl, tsoamyl and amy] series, an in- 
crease in acyl group size beyond butyry] is attended 
by a fall in the rate of hydrolysis. It is clear, there- 
fore, that the butyrate group is the optimum acyl 
group for the horse as well as for the human plasma 
cholinesterase ; this justifies the classification of the 
former enzyme along with the latter as a butyro- 
cholinesterase. There are, however, certain differences 
in detail between the two enzymes. Thus the rate of 
hydrolysis of both glyceryl and simple aliphatic 
esters is invariably slower, relative to acetylcholine, 
with the horse than with the human enzyme; this 
may be of significance in relation to the much higher 
ali-esterase activity content 
Further, the peak with butyl propionate is less 
marked, butyl butyrate, n-amyl propionate and n- 
amyl butyrate being split at almost the same rate. 
These two differences may possibly be related: we 
should expect structural changes to have relatively 
less effect in substrates which as a class are not so 
rapidly hydrolysed. 

A possible, though unlikely, explanation of the 
alkyl specificity pattern of the cholinesterases is that 
the varying rates of hydrolysis of the aliphatic esters 
are not primarily determined by the nearness of 
approach to the choline configuration, but by varying 
degrees of chemical activation of the ester link by the 
variously branched and substituted alkyl chains. 
Although, no doubt, chemical effects may contribute 
to, and on occasion overshadow, the configurational 
factor, they cannot be dominant in the series of 
simple aliphatic esters used here, or we should expect 
to find essentially the same specificity pattern with 
esterases which do not hydrolyse choline esters. An 
esterase of this type, the ali-esterase of horse plasma, 
showed, in fact, a completely different pattern from 
the cholinesterase, in spite of the close association 
and somewhat similar physical properties of these 
two enzymes. The same argument also excludes 
solubility as a determining factor. The specificity 
pattern of the ali-esterase, unlike that of the 
cholinesterase, does not, however, lend itself to any 
simple interpretation, though it is possible that tests 
with a wider selection of esters would reveal one. 
Our main object has, however, been to find how an 
aliphatic esterase would respond to esters the con- 
figuration of which could be related to that of choline. 

The ester most rapidly hydrolysed by the ali- 
esterase is 2-ethylbutyl acetate (nearly 150 % of iso- 
AmAce rate), but all the esters tested (except ethyl 
esters) gave values between about 35 and 110% of 
this rate. The two glyceryl esters tested fall in the 
lower half of this range and there is certainly no 
evidence for a preference for a glyceryl configuration. 
Acetate appears to be the optimum acyl group for 
most series of esters and a four-carbon chain in the 
alcohol group also favours a high rate of hydrolysis. 
Propyl butyrate and, to a lesser extent, the ethyl 
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esters are exceptions. It is possible that the buty- 
rate group is to some extent interchangeable with 
butyl, ie. R.O.CO.CH,CH,CH; is equivalent to 
RCO.O.CH,CH,CH,CH;, but a more likely ex- 
planation is that the ali-esterase preparations are not 
homogeneous and that they contain a small quantity 
of asecond ali-esterase with a specificity pattern the 
reverse of the one postulated above, i.e. an enzyme 
which hydrolyses butyrates more rapidly than ace- 
tates and ethyl esters>propyl>other esters. The 
composite pattern could be similar to the one 
actually obtained. It is possibly significant, there- 
fore, that in Table 7, the rate of hydrolysis of propyl 
butyrate by the preparation which has been partially 
fractionated (a procedure which might tend to alter 
the ratio of a mixture of enzymes) does not agree 
with those obtained from unpurified preparations, 
whereas the agreement for all the other simple esters 
tested is excellent. The only other discrepancies are 
with the two glyceryl esters, which would be ex- 
pected if both ali-esterases hydrolyse glyceryl esters, 
but at different rates. Further fractionation of the 
plasma ali-esterase will clearly be necessary before 
these results can be fully explained. 
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SUMMARY 


1. The cholinesterase of horse plasma has been 
found to resemble human plasma in hydrolysing a 
large number of aliphatic esters. The results are con- 
sistent with the hypothesis that the nearer the con- 
figuration of butyrylcholine is attained the greater 
the rate of hydrolysis. 

2. A possible alternative view, that the variation 
in the enzymic rates of hydrolysis of aliphatic esters 
is due merely to changes in chemical activation 
associated with differing substitution and chain 
branching, would seem to imply that all esterases, 
whether able to hydrolyse choline esters or not, 
would show essentially the same specificity pattern 
with aliphatic esters. This view is rendered unlikely, 
and our own interpretation confirmed, by the finding 
that the ali-esterase and cholinesterase of horse 
plasma, in spite of their close association and 
physical similarity, have quite distinct specificity 
patterns. 

We would like to express our thanks to Dr D. R. Davies, 
Porton, for supplies of horse plasma and serum and to the 
Medical Research Council for grants. 
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The Esterases of Horse Blood 
2. THE SPECIFICITY OF HORSE ERYTHROCYTE CHOLINESTERASE 


By L. A. MOUNTER anp V. P. WHITTAKER 
Department of Biochemistry, University of Oxford 


(Received 3 August 1949) 


A brief account of previous work by one of us 
(V. P. W.) and D. H. Adams on the specificity of the 
cholinesterases of human blood and pigeon brain has 
been given in the preceding paper (Sturge & 
Whittaker, 1950). The results obtained have made 
desirable further investigations designed to reveal to 
what extent the specificity patterns of the cholin- 
esterases of different species conform to the two main 
types so far discovered. 


Little previous study has been made of the speci- 
ficity of horse erythrocyte cholinesterase, perhaps 
because horse erythrocytes are not a good source of 
the enzyme, having only about one-fifth of the 
activity of human erythrocytes. Mendel & Rudney 
(1943) and Mendel, Mundell & Rudney (1943) 
showed that the partially purified enzyme free from 
ali-esterase, like the human erythrocyte enzyme, 
hydrolysed, in addition to acetylcholine, acetyl-f- 
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methylcholine, [Me;N+.CH,CHMe.OAc]OH-, but 
not benzoylcholine or tributyrin. Augustinsson 
(1948) found no hydrolysis of N-acetyl-p-amino- 
benzoylcholine and carbaminoylcholine, but his data 
for certain other esters which he states are hydrolysed 
by cholinesterase must be taken with reserve, as 
his preparations contained considerable quantities 
of ali-esterase. 

In this paper we show that the specificity of horse 
erythrocyte cholinesterase, carefully freed from ali- 
esterase, is almost identical with that of the human 
erythrocyte enzyme, a wide range of simple aliphatic 
esters being hydrolysed at a rate which can be corre- 
lated with the extent to which they approach the 
configuration of acetylcholine. This close similarity 
is interesting in view of the appreciable difference in 
detail between the properties of human and horse 
plasma cholinesterases, but final proof of the identity 
of the two enzymes must await their isolation in a 
pure state. 


METHODS 


Substrates. The substrates were those described in the 
previous paper, with the addition of propionylcholine (made 
from choline perchlorate), acetyl-8-methylcholine, benzyl 
acetate (both obtained commercially) and 3:3-dimethyl- 
butyl acetate (kindly provided by Dr A. J. Birch; see Birch, 
1949, for preparation and analysis). Aliphatic substrates 
were distilled before use and satisfied the usual chemical 
criteria of purity. They were used as before in an ‘effective’ 
concentration of 0-1M, acetyl-8-methylcholine in 0-03 M con- 
centration and acetylcholine 0-006m (0-03M produces 
marked inhibition by excess substrate). As in previous work 
(Adams & Whittaker, 1948; Adams, 1949; Whittaker, 1949), 
acetyl-8-methylcholine was used as a standard substrate, 
because, unlike acetylcholine, it has a normal initial velocity- 
substrate concentration curve and does not show inhibition 
by excess substrate. Abbreviations of the names of esters 
are given in Table 1. 


Table 1. Abbreviations 


Ac Acetate Ch Choline Bu Butyl 
Prt Propionate Me Methyl Am Amyl 
But Butyrate Et Ethyl Hx Hexyl 

Pr Propyl Bzl_ Benzyl 


ACh, Acetylcholine; TA, Triacetin; TB, Tributyrin; 
MCh, Acetyl-8-methylcholine. 


Estimation of enzyme activity. The methods used to deter- 
mine enzyme activity, Q values, degrees of purification and 
yields were essentially as described in the previous paper 
(Sturge & Whittaker, 1950), except that as measurements 
had sometimes to be made on solutions containing salts, dry 
weights were determined by heating samples with 5% (w/v) 
trichloroacetic acid for 10 min. in boiling water, collecting the 
coagulated protein ona tared G4sintered-glass filter, washing, 
and drying to constant weight. Activities are expressed as 
pl. CO,/ml./30 min., as Q values (ul. acid/mg. dry wt./hr.), 
and as a percentage of the activity obtained with 
acetyl-8-methyl-choline under identical conditions. 
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RESULTS 


Partial purification of horse 
erythrocyte cholinesterase 


In studying the ability of cholinesterases to hydro- 
lyse non-choline esters, it is essential to remove the 
ali-esterase which usually accompanies them. There 
is a considerable amount of tributyrinase in the 
horse erythrocyte. By using an improved method of 
purification described below we have been able to 
reduce the tributyrin hydrolysis from about 50 to 
1% or less of the acetyl-8-methylcholine hydrolysis, 
and we have used the tributyrin hydrolysis as a 
routine test for the presence of ali-esterase in our 
preparations. A method of purification differing but 
slightly from that of Mendel & Rudney (1943) and 
involving adsorption of the enzyme on kieselguhr, 
which had proved satisfactory with human erythro- 
cyte cholinesterase (for details see Adams, 1949), 
gave with horse erythrocytes a purification of only 
13-fold with an 11 % yield, possibly because of their 
low cholinesterase content. Paléus (1947) and 
Augustinsson (1948) have found that erythrocyte 
cholinesterase is bound to the cell membrane and so 
can be precipitated along with the stromata at about 
pH 6-5. Some figures of Augustinsson for horse ery- 
throcytes show, however, that precipitation reduces, 
but by no means eliminates, the erythrocyte tributy- 
rinase. Table 2, which shows the relevant data from 


Table 2. Precipitation of horse erythrocyte 
esterases with stromata 


(Substrates, 0-25% (w/v); data of Augustinsson, 1948.) 


Activity 
(ul. CO,/30 min.) 
——"——_ TB/ACh 
ACh TB (%) 
Supernatant + ppt., pH 6-75 50 44 88 
Precipitate, pH 6-75 42 14 33 


Table 13 of his monograph, demonstrates that 
although acidification to pH 6-75 precipitated only 
32 % of the tributyrin activity as against 84 % of the 
acetylcholine activity, the tributyrin: acetylcholine 
ratio was still high (33%) in the precipitated 
material. Nevertheless, it seemed worth while to 
attempt to combine the precipitation and adsorption 
techniques, making use of precipitation to effect a 
preliminary concentration of the enzyme and the 
adsorption method to remove the remaining tributy- 
rinase. Preliminary studies showed that precipita- 
tion was maximal at pH 6-3-6-5 with our erythro- 
cytes, and that redispersion occurred when the solu- 
tion was neutralized, being complete at pH 8; also 
that a weakly acid pH-is needed for maximum ad- 
sorption on kieselguhr and that elution could be 
effected by dilute sodium hydroxide or bicarbonate 
at pH 8. Furthermore, freshly laked erythrocytes 
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are essential for a successful separation of tributy- 
rinase; the age of the erythrocytes before laking is, 
however, immaterial. 


The final method of purification was as follows. Packed 
horse erythrocytes (Burroughs Wellcome Ltd., stored at 0°) 
(500 ml.) having Q(MCh) =2-7, Q(TB)=1-1 were laked by 
the addition of 1-51. of water. The pH was reduced to 6-5 
with 0-1 N-HCl (pH was measured with a glass electrode) and 
the stromata were removed by centrifuging. After washing 
with two 100 ml. portions of water, they were resuspended in 
200 ml. of water and the solution brought to pH 8 with 
0-1n-NaOH. Kieselguhr (35 g.) was added and the pH 
reduced slowly with shaking to 6-3 with 0-1N-HCl. The 
kieselguhr was collected by filtration, washed with two 
portions of 100 ml. of water and the enzyme eluted with 
150 ml. of 0-2% NaHCoO,. The eluate, which contained the 
enzyme as a fine dispersion, was freed from kieselguhr by 
centrifuging at 500 g. for 10 min. It was then centrifuged at 
about 3500 g. for 2 hr. and the precipitated enzyme, after 
being washed with 0-2% NaHCO, and recentrifuged, was 
resuspended in 50 ml. of NaHCO,. Purification, 23-fold; 
yield, 46%. The enzyme, when stored at 0° with a few drops 
of CHCl, as a preservative, was stable for several weeks. 


After the completion of this work we encountered 
a paper by Scheiner (1948) in which a purification 
procedure similar to our own is described. Scheiner, 
however, gives few practical details and does not 
state whether his product was free from ali-esterase. 


Criteria of homogeneity 


Adams (1949) has given a full account of methods 
which confirm the homogeneity of preparations of 
human erythrocyte cholinesterase with which the 
tributyrin hydrolysis is less than 2-5 % of the acetyl- 
B-methylcholine hydrolysis. As the relative tri- 
butyrin hydrolysis by our preparations of horse 
erythrocytes was never greater than 1%, it may be 
assumed that they contained a negligible quantity of 
ali-esterase. The reduction of the tributyrinase 
activity as a result of purification is illustrated in 
Table 3. In Table 4 it is seen that an aliphatic ester, 


Table 3. Cholinesterase and tributyrinase activity of 
laked horse erythrocytes and purified preparations 


(MCh, 30 mm; TB, 100 my; activity units, wl. CO,/ml. 
30 min.) 


Laked erythrocytes Purified preparation 





” ae f 
MCh TB TB/MCh MCh ’~= TB_ TB/MCh 
(%) (%) 
246 125 52 516 2 0-5 
252 116 46 248 3 1 


isoamyl acetate, competes with acetyl-f-methyl- 
choline for the purified cholinesterase, the rate of 
hydrolysis of the mixed esters lying between that of 
acetyl-8-methylcholine and that of the aliphatic 
ester. If the latter had been hydrolysed by a second 
enzyme, we should expect the rate of hydrolysis of 
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the mixed esters to lie above the rate of either sub- 
strate alone. Table 5 compares the effects of 10-5m- 
eserine (cf. Richter & Croft, 1942) on the hydrolysis 
of choline and non-choline esters by the original 
laked erythrocytes and a purified preparation. It 


Table 4. Competition of a choline and non-choline 
ester for purified horse erythrocyte cholinesterase 


(MCh, 30mm; tsoAmAc, 100mm; activity units, yl. 
CO,/ml./30 min.) 


MCh isoAmAc Mixed 
516 364 476 
516 352 472 


Table 5. Inhibition of choline and non-choline 
ester hydrolysis by eserine 


(MCh, 30mm; TB and AmAc, 100 mm; eserine, 10 uM. 
Activity units, vl. CO,/ml./30 min. Eserine was incubated 
with the enzyme in the absence of substrate for 10 min. at 
38°.) 


Laked erythrocytes Purified preparation 





c \ Cc ~ 
Control Inhibited Control Inhibited 
MCh 
244 0 516 4 
248 0 512 0 
TB 
124 118 0 1 
126 122 4 2 
AmAc 
220 133 198 3 
23 130 210 1 


will be seen that this concentration of inhibitor 
produces complete, or almost complete, inhibition of 
acetyl-8-methylcholine hydrolysis by both prepara- 
tions. It produces only slight inhibition of the 
hydrolysis of tributyrin by unpurified erythrocytes ; 
the tributyrin hydrolysis by the purified preparation 
is too low to be measured accurately in the presence 
or absence of eserine in spite of the fact that the 


Table 6. Constancy of specificity in different 
preparations of horse erythrocyte cholinesterase 


(Enzyme activity in pl. CO,/ml./30 min.; figures in 
brackets give rates as percentage of MCh rate. Each line 
corresponds to a different preparation.) 


MCh isoAmAc isoAmPrt PrAc EtAc HxAc 
 — ~ ~- — 55 (27) 
248 180(72) 69(28) 72(29) 10(4) — 

516 372 (72) 144 (28) 118(31) 18(4) 126 (25) 


enzyme concentration was increased fivefold in tnese 
experiments. n-Amyl acetate is hydrolysed nearly 
as rapidly as acetyl-8-methylcholine by unpurified 
erythrocytes; the inhibition by eserine, though 
greater than that with tributyrin as a substrate, is by 
no means complete. Amyl acetate hydrolysis is not 
eliminated, as tributyrin hydrolysis is, by purification 
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(although it is reduced somewhat relative to acetyl- 
B-methylcholine) and the remaining hydrolysis is 
now almost completely eserine-sensitive. These facts, 
together with the constant specificity of different 
preparations (Table 6), confirm that purification, 
although eliminating ali-esterase, does not abolish 
the hydrolysis of all aliphatic esters, and show that 
this aliphatic esterase activity must be due, with the 
horse as well as with the human erythrocyte, to the 
cholinesterase. 
Specificity 

The rates of hydrolysis by the horse erythrocyte 
cholinesterase of a number of aliphatic esters, 
expressed as a percentage of the rate of hydrolysis of 
acetyl-8-methylcholine under identical conditions of 
enzyme concentration, pH and temperature, are 
presented in Figs. 1 and 2 and Table 7. It will be seen 
(Fig. 1) that, as with the human erythrocyte cholin- 
esterase, there is a marked decline in the rate of 
hydrolysis of aliphatic substrates as the acyl group is 
increased in size from acetate to butyrate. The same 


80 


isoAmy| 


Rate of hydrolysis (% of MCh rate) 





2 3 4 
No. of C atoms in acyl group 


Fig. 1. Effect of changes in acyl group size on the relative 
rate of hydrolysis of aliphatic esters by horse-erythrocyte 
cholinesterase. 


trend may also be seen with the choline and glyceryl 
esters (Table 7). In Fig. 2 the characteristic effect of 
variations in the structure of the alkyl group found 
with all the cholinesterases so far examined is again 
seen. Increasing alkyl chain length causes an in- 
crease in the rate of hydrolysis up to n-butyl; addi- 
tion of further carbon atoms to the end of the chain 
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(n-amyl, n-hexy]) leads to a fall in the rate of hydro- 
lysis, but substitution of these carbon atoms in the 
3-position as in primary isoamy]l (I), 3:3-dimethyl- 
butyl (IT), in imitation of the choline structure (II), 
is accompanied by a marked increase in rate of 
hydrolysis. The effect of changes in alkyl group con- 
figuration is closely similar in both the acetate and 
propionate series but, as expected from Fig. 1, the 
graph for propionate esters lies below that for 


acetates. 
CH, 
CH 
\CH,.CH,.0.C0.R 


I 


Tog is 
CH,’ \CH,.CH,.0.CO.R 
Il 


CH, 


CH, Al, 


CH,“ CH,.CH,.0.CO.R 
iil 
The values of all but two of the aliphatic esters 


tested lie within 5% of those for human erythro- 
cytes, the discrepant esters being 3:3-dimethylbutyl 
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3:3-diMeBuAc 
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Oo 
= 
£ 
U 
z 
SO 
3910 3:3-diMeBuPrt 
¥ ‘ 
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> / 
~ 
£ 
> 50 
£ 
y ’ HxAc 
* 25 78 P 
BuPrtez~ ‘soAmPrt 
EtAc ~~ AmPrt 
0 


2 3 4 5 6 
No. of C atoms in alkyl group 
Fig. 2. Effect of alkyl group configuration on the relative 
rate of hydrolysis of aliphatic esters by horse-erythrocyte 
cholinesterase. Continuous line, acetates; broken line, 
propionates. 


acetate, 160% (horse), 180% (human) and n-amyl 
propionate, 11% (horse), 6% (human). The species 
difference between man and horse is therefore much 
less with the erythrocyte than with the plasma 
cholinesterase. 
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Table 7. Rates of hydrolysis of esters by horse 
erythrocyte cholinesterase 


(Choline esters, 6 mm, non-choline esters, 100 mM.) 


Rate of hydrolysis 


Ester (% of MCh rate) 
ACh 166* 
PrtCh 144 
ButCh 2-5 
TA 122 
TB 0-5 
2-EtBuAc 64 
BzlAc 74 


* ACh and PrtChshow the phenomenon ofauto-inhibition. 
6mm is near the optimum substrate concentration (S,,+.) 
for PrtCh; the figure given for the rate of hydrolysis is 
therefore nearly maximal; but S,,;. for ACh, if the horse 
enzyme behaves like the human, is about 1 mM, and the 
maximum rate of hydrolysis about 300% of the MCh rate. 


DISCUSSION 


One general conclusion to be drawn from the data 
presented here is the close similarity of the horse and 
human erythrocyte cholinesterases. Apart from 
two discrepancies, the rates of hydrolysis of all those 
substrates which have been tested on both enzymes 
agree to within 5%. This similarity extends to the 
physical behaviour of the enzymes in that they show 
similar precipitation and adsorption properties. 
Certain quantitative differences were noticed when 
the method of purification described above was 
applied to human erythrocytes, the chief one being 
the somewhat lower pH (5-8—5-9) required for com- 
plete precipitation of the stromata, but these may 
well be due to differences in the enzymically inert 
associated material. Horse erythrocyte cholin- 
esterase can therefore be confidently classed as an 
acetocholinesterase, and the probability that all 
cholinesterases previously regarded as ‘true’ or 
‘e-type’ cholinesterases will be found to be aceto- 
cholinesterases is increased. 

In view of the different specificity patterns of the 
plasma and erythrocyte cholinesterases there seems 
little point in trying to decide which of these enzymes 
is the more specific. As has been pointed out earlier 
(Adams & Whittaker, 1949), both enzymes are 
specific in that there is a definite preference for the 
choline ester-like configuration as judged by rate 
measurements. On the other hand, it is likely that 
structures which approach the choline ester con- 
figuration less closely sterically than esters of 3:3- 
dimethylbutyl alcohol, but contain components of 
choline esters not possessed by aliphatic esters (e.g. 
positively charged atoms), may be found to have as 
high or higher affinities for the active centres of the 
enzyme and possibly also high rates of enzyme- 
catalysed hydrolysis. 

Our conception of specificity will depend, there- 
fore, on how we define the term. If we base it on the 
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total number of esters attacked, we shall regard 
butyrocholinesterases as less specific than aceto- 
cholinesterases; but, as the results with the horse 
plasma enzyme show, the rates of hydrolysis of these 
esters may be lower relative to an appropriate 
standard than with a cholinesterase which has been 
regarded simply on the basis of the number of sub- 
strates attacked as more specific. Enzyme specifi- 
city, when not absolute, is not easily susceptible of 
quantitative definition. 

This point is illustrated by the data presented in 
Table 8, in which the rate of hydrolysis of acetate and 
butyrate esters by three cholinesterases has been 
referred to the rate of hydrolysis of the corresponding 
choline ester. For the human erythrocyte enzyme it 
has been assumed that the ACh/MCh hydrolysis ratio 
is 300 % under optimum conditions, and the values 
listed have therefore been obtained by dividing 
Adams’s (1949) results by three. We may assume 
that the values for the horse erythrocyte are almost 
the same. It will- be seen that many acetates, 
relative to acetylcholine, are hydrolysed at nearly 
the same rate by both the enzymes of human blood, 
although the rates tend to be higher with the erythro- 
cyte enzyme. The acetate:butyrate ratio for the 
human plasma cholinesterase is about equal for both 
choline and aliphatic esters, but is lower for glyceryl 


Table 8. Hydrolysis of non-choline esters by 
cholinesterases from different sources 


(Human plasma, data of Adams & Whittaker (1949)- 
Horse plasma, data of Sturge & Whittaker (1950). Human 
erythrocytes, data of Adams (1949).) 

Relative rate of hydrolysis 
(expressed as percentage of 
corresponding choline ester) 





; Human 
Human Horse erythro- 
Esters plasma plasma cytes 

3:3-diMeBuAc/ACh 35 -- 60 
isoAmAc/ACh 27 8 24 
isoAmBut/ButCh 23 6 ~- 
BuAc/ACh 11 + 16 
BuBut/ButCh ll 2-5 -- 
AmAc/ACh 8 3-5 15 
AmBut/ButCh 8 3 — 
TA/ACh 14 6 42 
TB/ButCh 23 10 -— 
2-EtBuAc/ACh 6 2 22 
BzlAc/Ach + —_ 23 


esters; consequently the rate of hydrolysis of ali- 
phatic esters by the human plasma enzyme is about 
the same for butyrates or acetates, provided we refer 
the hydrolysis to the appropriate choline ester, 
though this ceases to be quite true for glyceryl esters. 
It will, however, be noticed that the three esters at 
the bottom of the table are hydrolysed three to six 
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times more rapidly (relative to acetylcholine) by the 
erythrocyte cholinesterase than the plasma. These 
esters (Fig. 3) have as a common feature of their 
structure a branch at the carbon atom next to the one 
involved in the ester link, and this type of branching 
has been observed by Adams & Whittaker (1949) to 
reduce rates of hydrolysis by the human plasma 
enzyme but to raise them (relative to the unbranched 
structures) with the human erythrocyte. 


C—C Fm 
AcO—C— AcO—C—CC 
I II 
OAc 
AcO—C—C: 
C—OAc 


III 


Fig. 3. Carbon skeletons of 2-ethylbutyl acetate (I), benzyl 
acetate (II), and triacetin (IIT), to illustrate analogies in 
structure. : 


With the horse plasma enzyme the same general 
tendency is observed as with the human plasma 
enzyme, but non-choline esters as a class are now 
much less rapidly hydrolysed than by the erythro- 
cyte enzyme, and this difference is accentuated in 
the butyrate series because choline esters, but not 
aliphatic esters, have a lower acetate : butyrate ratio 
(1:2-5 as compared with 1:2) than is found with the 
human plasma enzyme. Non-choline esters, there- 
fore, are hydrolysed in general somewhat less rapidly 
by the human plasma enzyme, and much less rapidly 
by the horse plasma enzyme, than they are by the 
erythrocyte cholinesterases of either species, and 
from this point of view we should have to regard the 
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horse plasma cholinesterase as the most specific of all 
of them. 

There is now excellent evidence that the character- 
istic acceleration in rate of hydrolysis through the 
series n-butyl, primary isoamyl, 3:3-dimethylbuty]l, 
which has been observed with all cholinesterases so 
far examined and regarded as characteristic of them, 
is not due to a fortuitous chemical effect of sub- 
stituents, but is due to an approach to the choline 
configuration. First, there is the maintenance of 
this characteristic pattern in spite of an inversion of 
the acyl specificity pattern as we pass from aceto- to 
butyro-cholinesterases. Secondly, the pattern is 
destroyed and an entirely different one substituted 
when we pass from a cholinesterase to an ali-esterase 
derived from the same biological material. 


SUMMARY 


1. The horse erythrocyte cholinesterase has been 
partially purified and freed from ali-esterase by anew 
method. 

2. In its specificity and physical behaviour it 
closely resembles human erythrocyte cholinesterase. 
It hydrolyses a number of aliphatic esters, the rates 
of hydrolysis of these substrates being higher the 
nearer the structure of acetylcholine is approached. 
The carbon analogue of acetylcholine (3:3-dimethyl- 
butyl acetate) has the highest rate of hydrolysis of 
any simple aliphatic ester so far examined. 

3. The results are discussed in relation to the 
general question of cholinesterase specificity. 


The receipt of a research grant and a research studentship 
from the Medical Research Council is gratefully acknow- 
ledged. 
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Quantitative Studies of the Avidity of Naturally Occurring Substances 
for Trace Metals 


1. AMINO-ACIDS HAVING ONLY TWO IONIZING GROUPS 


By A. ALBERT 
Department of Medical Chemistry,* The Australian National University 


(Received 12 April 1950) 


It has long been known that certain naturally 
occurring substances (namely amino-acids, proteins 
and porphyrins) form stable complexes with the ions 
of heavy metals. Although the metals in these com- 
plexes no longer react as simple inorganic ions, the 
complexes are in equilibrium with a (usually ex- 
ceedingly minute) proportion of inorganic ions from 
which they were formed. It has recently been found 
that other biochemically important substances have 
a similar avidity for metallic ions, namely the 
pterins, riboflavin and various purines (ef. Albert 
& Brown, 1949; Albert, 1950). Hence it may be 
profitable to think of cells and tissues of all kinds 
as areas in which traces of metallic ions are com- 
peted for by the various complex-forming agents 
present. 

Accordingly, it is desirable to know quantitatively, 
(i) the avidity of each naturally occurring complex- 
forming agent for the ions of various heavy metals, 
and (ii) the avidity of each biologically significant 
heavy metal for various complex-forming agents 
(including foreign toxic substances). 


Qo 
Co- 


e 


HC Cut*Cl,-~ 
—__2_> 


Up to the commencement of the present work in 
1949, very few quantitative investigations of this 


9 
CO 
H.C CutCl- + (I) 
———— 
N. 
7. 
H H 
(II) 


kind had been made. For example, the only bivalent 

amino-acids studied were (i) glycine with copper 

(various authors, see Table 3), with nickel, cobalt, 
* Present Address, 183 Euston Road, London, N.W. 1. 


zine, cadmium and mercury (Flood & Loras, 1945), 
and with magnesium (Greenwald, 1939); (ii) alanine 
with copper (Borsook & Thimann, 1932; Keefer, 
1946). After the completion of the present work, 
figures for glycine, alanine, valine and leucine with 
copper, zinc, cobalt and manganese appeared (Maley 
& Mellor, 1950). 

Such comparative neglect is not surprising because 
the nature of the equilibria concerned in such com- 
plex formation was not properly understood before 
1941 when Bjerrum’s book Metal Ammine Formation 
in Aqueous Solution was published in Denmark. It is 
now agreed that the equilibrium between a complex- 
forming agent and an ionis usually thermodynamic- 
ally reversible: it occurs instantly and without 
appreciable energy of activation. Hence these 
equilibria are correctly represented by mass-action 
equations. Moreover, as Bjerrum was the first to 
point out, complex formation usually follows a step- 
wise course. For example the reaction between 
glycine (I) and cupric chloride gives rise initially to 
the equilibrium (I) = (II). 


0 
ee 
yA Cu*Cl- +H*++Cl- 
- x 

H 

(II) 


At a higher pH, another equilibrium occurs, 
namely (II) = (III). 


20 on 


ee 
oe 
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he +Ht+Cl 


N. 


f° 
H 4H 


(IIT) 
In order to convert these chemical equations to 


algebraic equations capable of yielding stability 
constants, the term ‘free complex-forming species’ 


will be introduced. This refers to that particular form 
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of the complex-forming agent with which the com- 
plex is in equilibrium. For example, in the case of 
glycine, the complex-forming species is the anion 
(IV) which is present to the extent of only 0-25 % in 
a solution of glycine at the physiological pH (7-3). 
The remainder of the glycine is present as the 
zwitterion (I), a species which is not capable of 
chelation, but which yields further quantities of (IV) 
(when the latter is largely removed by chelation) 
until a new equilibrium is reached. Hence (IV) is an 


intermediary in the equilibria (I) = (II) and 
(II) = (III) previously given. 
9 Qo 
2a oe 
aan H,C 
NH ore 
(IV) (V) 


Accordingly, the equilibria which are relevant to 
the calculation of stability constants are as follows: 


9 
CO- 


z 
Nv 


(IV) 


H.C 


for which equation (i) is the appropriate algebraic 
expression, and 


(II) 


to which equation (ii) refers. 
[complex (II)] 


4 





~ [free metallic. ions] [free complex- -forming species] 
[complex (I1T)] 
[complex (II )] [free complex- forming species] 

By combining these two chemical equations or, 
which is the algebraic equivalent, multiplying (i) and 
(ii), an overall stability constant (K,) for the entire 
reaction is obtained, hence 
[complex (II1)] 


oo ———— 
ro [free metallic ions] [free complex- forming species }? 


(ii) 





K’= Re 





or, more succinctly, 


K,=K’.K’. (iii) 


A. ALBERT 


+Cut*Cl,-— 
a a 






I950 


In proportion as complex formation occurs, 
hydrogen ions are liberated as shown in the original 
chemical equations. The hydrogen-ion concentration 
produced in this way provides a means of measuring 
the avidity of a complex-forming agent for a given 
metal (Bjerrum, 1941). 

The work to be described in this paper comprises 
the determination of K, for the reaction between 
amino-acids having only two ionizing groups and the 
following ions, Cut+, Nit*, Zn*++, Co+*, Cd*+, Fe*+, 
Mn++, Mg++ and Fet++. The customarily complicated 
equations associated with this type of work have 
been simplified wherever possible. 


METHODS 


(All determinations were carried out at 20°.) 

Materials. The metallic ions were used in the form of the 
following salts of A.R. purity: CuCl,, Ni(NO ;),, ZnCl, (pre- 
pared by double decomposition of ZnSO, and BaCl, and then 
standardized gravimetrically), Co(NO;),, CdSO,, FeSO,, 
MnSO,, MgSO,, and ferric ammonium sulphate. In addition, 
some preliminary studies were carried out with Cu(NO,),, 


Qo 
CQ 


H,C CutCl +Cl-, 


N 
f ™* 
H 4H 


(II) 


CuSO, and ZnSO,. Stock solutions (0-05m) were used 
except for the Fet+, Fet++ and Mnt** salts. The 0-05m 


2 2 
CO OC 
H,C “4 % CH, 


Ng 
o ee 


(III) 


solution of ammonium molybdate contained 0-883 g. of A.R. 
(NH,),Mo,0,,.4H,O in 100 ml. and was brought to pH 5 with 
0-5 equiv. of KOH before use. 

The glycine (A.R.), «-alanine, valine (microbiologically 
tested), phenylalanine, serine (microbiologically tested), 
methionine, asparagine, tryptophan and taurine were ob- 
tained from British Drug Houses Ltd. The norleucine was 
from Ashe Laboratories Ltd., the B-alanine from L. Light and 
Co. Ltd. and the proline from British Chemicals and Bio- 
logicals Ltd. These acids were all dried for 1 hr. at 120° before 
weighing. The purity of the amino-acids was checked: (i) by 
paper chromatography in butanol-acetic acid, the papers 
being examined for adventitious spots in ultraviolet light of 
wavelength 254 my. and also (by daylight) after spraying 
with ninhydrin; (ii) by potentiometric titration with 0-1N- 
KOH and examination of the entire curve for deviation from 
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the calculated shape. The «-alanine, £-alanine and valine 
failed to pass these tests and were recrystallized from water 
until satisfactory. 

Titrations. Each amino-acid (in 0-01 M-aqueous solution 
wherever possible) was titrated with 0-1 N-KOH (carbonate- 
free), first in the absence of metals and then in the presence of 
1 equiv. of the appropriate meta] salt (0-005 for bivalent 
and 0-0033™ for tervalent ions). Thus the molar ratio of 
complex-forming agent to metal was 2:1 for all bivalent ions. 
The total volume was 50 ml., whether metals were present or 
not. The amount of alkali used for each titration was 5 ml. 
(i.e. the equivalent of the amount of complex-forming agent 
taken) and this was added in ten equal portions. The pH was 
recorded after each addition by means of a Cambridge 
Instrument Company’s glass-electrode potentiometer set 
with a sintered-glass calomel half-electrode. N, was used for 
stirring and to maintain an inert atmosphere above the 
solutions. Boiled-out water was used for the Cot+, Fe++ and 
Mn** titrations. 

The pK, value of each amino-acid (for the equilibrium 
(I) = (IV)) was calculated from nine equidistant points on 
the titration curve. The means of the results are recorded in 
Table 2: all the results lay within the range pK,+0-05. 
Although these pK, results could have been derived from the 
literature, it was thought preferable to determine them 
under the experimental conditions to be used with the 
metallic ions. 

The results of these titrations were used to solve the above 
equation. 

Calculations. As the concentration of free metallic ions is 
not measured in this method, equation (i) is rewritten as (iv) 
(following the practice of Flood & Loras, 1945) and (ii) as (v). 
The derivations are given in the Appendix to this paper. 


K’ =7i|(1 - 7) [Sc], (iv) 
K” =(% -1)/(2 -7) [Se], (v) 


where [Sc] is the concentration of free chelating species, as 
defined above, and 7% is the average number of molecules of 
complex-forming agent bound by one atom of metal. 

These equations can now be solved because the experi- 
mental data allow the calculation of [Sc] from equation (vi) 
and of 7 from equation (viii). Simplified forms of (vi) and 
(viii) will also be discussed. Equation (vi) is derived from an 
equation given by Flood & Loras (1945): 





log [Se] = 
((H+] 2[H+} 
log {{HSe°] - [KOH] - [H*] + [OH-}} - log a ia, 
(vi) 


where [HSc°] is the concentration of complex-forming agent 
(all species), before the metal was added, [KOH] is the con- 
centration of KOH which would be present if the complex- 
forming agent and metal were absent (in the present work 
[KOH] equals 0-01 M at the end of most titrations), and K, is 
the ionization constant of the equilibrium (I) = (IV) and 
K,- is that of (I) = (V). 

Because of the high affinity of Cu for amino-acids, titration 
with alkali did not uncover the lower values of 7. Hence 


another portion of the complex-forming agent was titrated 
with acid in order to obtain these values and +[HCl] was 
then substituted for — [KOH] in equation (vi). 

The [H+] term vanishes in equation (vi) above pH 4 and 
the [OH-] term vanishes below pH 10. When working 
between pH 4 and 10, a greatly simplified version of (vi) can 
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be used, namely (vii), for all pH values that are more than 
1 unit higher than the pK,.. 


log [Sc] =(pH — pK,) + log {{HSc°] -[KOH}}. 


As the pK, of «-amino-acids is about 2, equation (vii) has 
been widely used in the present work. 

Equation (viii) is the Bjerrum equation for % which has 
been further refined by incorporating the function « (Phillips, 
1950). ; 

re _ [HSe°] - « [Se] 


‘= > 


[M*} 


(vii) 


n (viii) 
where [ M°] is the total concentration of metal (free or com- 
bined) and « has the value given by equation (x), except when 
the pH is more than 1-4 units above pK,,- (which usually 
happened in the present work) when the simplified equation 
(ix) applies. 





oa), 1, (ix) 
Ka 

[H+]  [H*P 
=—— + —— , x 
a K. + ce (x) 
n can be determined by the greatly simplified equation (xi) 
__2{KOH] 
na=- —— » (xi) 

[HSe°] 


when the pH is at least 1-4 units lower than pK, and more 
than 1-4units above pK,-. Actually, a considerable range of 
results can be treated by this equation, for example, in the 
case of glycine all results falling between pH 3-6 and 8-5, i.e. 
about three-quarters of all the results obtained. 


RESULTS 


By titrating each amino-acid in the presence of the 
various metallic ions, pH values were obtained for 
each addition of alkali: from these readings values 
for [Se] and [7] were calculated from equations (vi) 
and (viii). To obtain the lower values of 7 for copper, 
an additional titration had to be performed with 
0-1N-hydrochloric acid, but the avidity of the other 
metals was not high enough to necessitate this. 
Variation in the nature of the anion made no 
difference to the results, e.g. zinc chloride could be 
replaced by zine sulphate and copper chloride by 
copper nitrate or sulphate, but no pH reading lower 
than 3-9 was used for sulphate on account of the 
interference expected (and found) from the second 
ionization constant of sulphuric acid (pK = 1-9). 

Table | gives a typical example of this stage of the 
process together with values for K’ and K” (as logs) 
calculated by equations (iv) and (v), respectively. 
This table also gives examples of values for K, ob- 
tained by combining K’ and K” (according to 
equation (iii)) and of K, calculated by equation (xii) 
(see below). The latter is rather the more accurate 
of the two, but the differences were usually found to 
be small. The application of (iv) or (v) to any given 
pH reading led to either K’ or K” (application of the 
inappropriate equation gave a negative value which 
was discarded). 
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Table 1. Potentiometric titration of L-asparagine (0-01M; pK,= 8-85) and cadmium sulphate (0-005m); 





all in 50 ml. 
0-1n-KOH 

(mal.) pH log [Se] n log K’ log K” 
0 4-81 - < _— _ os 
0-25 6-12 5°25 0-10 3-80 — = 
0-5 6-50 5-60 0-20 3-80 a a 
1-0 6-85 5-90 0-40 3-92 — — 
1-5 7-20 4-20 0-57 3-93 oo — 
2-0 7-45 4-38 0-74 — a — 

7x Value of log [Sc] when 7=1-00, found 
9. . -5E \. oe cai ? 
| bo en rit ia al graphically, is 4-61, whence log K,= 

; er 6-78 (by equation xii) 
3-5 8-21 4.84 1-26 —_ 2-70 _ 
4-0 8-50 4-95 1-42 _- 2-91 — 
4:5 8-93 3-08 1-56 — 3-03 _ 
5-0 9-32 ag oe ie ae le 
Mean 3-87 2-90 whence log K,=6-77 (by equation iii) 


The values obtained for log K’ and K” (from (iv) 
and (v)) were converted to antilogarithms, averaged 
and reconverted to logarithms. Not all values were 
selected for this process, as they are not all of equal 
accuracy. For example, when 7 lies between 0-7 and 
1-3, some molecules of (II) are beginning to take on 
another molecule of glycine before all the molecules 
of (I) have reacted with the metallic ion. Again, 
when 7 is only a small fraction of (1—7), knife-edge 
conditions prevail, so that a small inaccuracy in 
calculating 7 makes a large error in K’. Finally, 
when 7% is approaching 2, the conditions are often 
such (even in 0-01M-solutions and in the absence of 
excess glycine) that some of the molecules of the 
complex (III) form a weak association (e.g. VI) with 
an extra molecule of glycine (cf. Flood & Loras, 
1945). Hence the most reliable values of [Sc] for 
calculating K’ or K” are dependably found from 
n= 0-10 to 0-70 and from 1-30 to 1-70. 


Q 0 Q 
co oc CO- 
H,C Cu CH,, CH, 
ag Fa ‘ 
N N NH; 
oo 
H H H 4H 
(V1) 


However the most reliable values of all for K, are 
obtainable from equation (xii) which is valid only 
when 7= 1, in stepwise reactions such as are being 
considered here (Bjerrum, 1941). The use of this 
equation (which is derived in the Appendix) avoids 
all the possible sources of error mentioned above. 

K,=1/[ScF, 
i.e. log K,= — 2 log [Sc]. 

The correct value of [Sc] corresponding to 7=1 
was not always available from a direct potentio- 
metric reading, but was found by plotting values of 7 


(xii) 


against —log [Sc], as in Fig. 1. Curves obtained in 
this way have been termed ‘formation curves’ by 
Bjerrum (1941), and are valuable because they pro- 
vide evidence as to whether the reaction under con- 





Fig. 1. Formation curves of the glycine-ferrous, glycine- 
cobaltous and glycine-nickel complexes. The average 
number of molecules (7%) of glycine united to one atom of 
metal has been plotted against the negative logarithm 
of the concentration of the chelating species of glycine 


[Se]. 


sideration is stepwise or not. Fig. 1 gives the forma- 
tion curves for the complexes of glycine with nickel, 
cobaltous and ferrous ions. From such curves it was 
found that all the «-amino-acids reported here gave 
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Table 2. Stability constants of the complexes of amino-acids and metallic cations 
(Values of log K, calculated from the values of log [Sc] at 7 =1-00, by equation xii.) 
Amino-acid pK, pK, Cut+ Nit+ Znt++ Cot+ Cdt++ Fett Mnt+ Mgtt+ Fett++ 
Glycine 9-86 2-22 15-4 11-0 9-3 8-9 8-1 78 5-5 + Nil 
(approx.) 

L-Proline 10-68 1-93 16-8 11-3 10-2 9-3 8-7 8-3 5-5 <4 Nil 
(approx.) 

pL-Tryptophan* 9-55 2-20 15-9 10-2 9-3 8-5 8-1 7-6 5 <4 Nil 
(approx.) 

L-Asparagine 8-85 2-14 14-9 10-6 8-7 8-4 6-8 6-5 4:5 4 Nil 
(approx.) (approx.) 

pu-Norleucinet 9-96 2-25 15-5 11-1 10-4 9-4 8-7 8-6 5 <4 Nil 
(approx.) 

pL-Alanine 9-97 2-22 15-1 — — 8-4 —_ 7-3 —_— — — 

pL-Valine 9-72 2-20 15-1 — — 8-6 — 6-8 ~- — — 

pL-Phenylalanine 9-31 2-04 14-9 — — 7-9 — 6-3 -- -- — 

pL-Serine 9-24 2-20 14-6 — — 8-0 —_ 7-0 — -= — 

pL-Methionine 9-34 2-20 14-7 — — 7-9 —_— 6-7 — -- — 

B-Alanine 10-36 3-60 12-9 — — 7} _— + —- — — 

(approx.) (approx.) 
Taurine 9-08 1-5 8t — — 4 —- Nil —- — — 
(approx.) (approx.) (approx.) 


* 
+ 
+ 
¢ 


stepwise addition with all the divalent metals 


studied. 
Table 2 contains all the values of log K, calculated 


from (xii), reported to one place of decimals. The 
common practice of reporting to two places is to be 


11 


10 





08 10 12 14 
KOH (equiv.) 

Fig. 2. The additive effect in titration, when no complex 

formation takes place. A, 0-01M-boric acid; B, 0-005 M- 

cupric chloride; C, 0-01M-boric acid +0-005M-cupric 


chloride. 


0 02 04 06 


deprecated as the figures depend on differences 
between pairs of readings from a pH apparatus 
where the second place of decimals has the usual un- 
certainty. Values obtained from (iii) were found to be 
close or identical in all cases where the comparison 
could be made. (This comparison was not usually 
possible for Mn++ and Mg++ because high values of 7 
did not appear before one equivalent of alkali had 
been added. Again, the sparing solubility of the 2:1 


Because of its sparing solubility, tryptophan was titrated at 0-005M. 

Because of the sparing solubility of its complexes, titrations of norleucine were carried out at 0-0013M. 

These values were obtained from log K’ (at low values of %) by adding (log K’ — 1), a method which works well with 
a-amino-acids but which may not be valid here. At higher values of %, there was precipitation. 


complexes of proline with zinc and cadmium made 
few values of 7% available above 1-0.) 


11 





0-4 0-6 0-8 1-0 


KOH (equiv.) 

Fig. 3. The non-additive effect in titration, when complex 
formation takes place. A, 0-01m-glycine (1 equiv.); B, 
0-005M-cupric chloride (1 equiv.); C, 0-01 M-glycine + 
0-005 M-curpric chloride. 


In some cases, Mg++ gave no evidence of complex 
formation: the titration curves exactly duplicated 
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those obtained in the absence of Mg++. However, it 
is not easy to recognize a value of K’ lying between 0 
and 1-8 by the present method so that a complex of 
low stability could be overlooked. 

In no case did Fe++*+ form a complex, the titration 
curves always coinciding with those obtained in the 
absence of the amino-acid. The precipitate obtained 
in the early stages of the titration of glycine and 
ferric ammonium sulphate was entirely inorganic 
and agreed with the properties of a basic ferric 
sulphate (Fe,0,;),5O;; identical material was ob- 
tained after the addition of 1-67 ml. of 0-1N-alkali, 
i.e. one-third way through the titration where 7 
would normally have the value of 1. 

Fleck & Ward (1933) observed the combination of 
oxine and the molybdenyl cation (MoO,*+) from 
ammonium molybdate. In the present work, an 
attempt to follow any similar combination by 
glycine was made difficult by interference with 
log K” by the pK, of ammonia. However a steady 
value for log K’ (3-7) was obtained. Hence log K, is 
approx. 6-4 if it is assumed that here log K, is ap- 
proximately equal to (2 log K’ — 1) as is the case with 
the combinations listed in Table 2. 


DISCUSSION 


When a mixture of two substances which do not 
mutually form a complex is titrated with alkali, the 
curve obtained reproduces, in turn, the component 
curves, as is shown in Fig. 2 (boric acid and cupric 
chloride). When, however, the two substances can 
form a complex by liberation of hydrogen ions (as is 
the case with the «-amino-acids), an entirely 
different picture is seen. The new curve no longer 
traverses, in turn, the component curves, but strikes 
a path that is independent of that of the complex- 
forming agent and is almost always independent of 
that of the metal. Most important of all, the usual 
precipitates of metallic hydroxides (or basic salts) no 
longer take place upon the first addition of alkali. 
This is shown plainly in Fig. 3 (glycine and cupric 
chloride). The extent of the displacement (curve A 
to curve C) forms a measure of the avidity of a 
particular complexing agent for a given metal, and is 
dealt with algebraically in equations (i)—(xii). 

The results obtained in this way (Table 2) show 
that the differences in the avidity of the (divalent) 
x-amino-acids for any particular metallic ion are not 
strikingly large (e.g. the affinity for cobalt varies 
over only a 30-fold range). Proline has the greatest 
avidity, whereas the following have the least: 
asparagine, serine, methionine and phenylalanine. 

Apparently, all the bivalent amino-acids exert the 
same order of preference for the various metallic ions, 
e.g. Cu++ is always preferred to Ni*+, then follow (in 
order) Zn++, Cot++, Cd++, Fet++, Mn++ and Mgt+. This 
is shown to be true for glycine, norleucine, aspara- 
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gine, proline and tryptophan, and the given sampling 
(Cut+, Cot++, Fe**+) indicates that it is, most likely, 
true also for alanine, valine, phenylalanine, serine 
and methionine. No measurements were made on 
norvaline, leucine, isoleucine, glutamine and threo- 
nine as they have close analogues in Table 2 and it 
seemed highly likely that similar results would be 
obtained. No complexes are formed with Fe+*++. 
The order of metals found is in agreement with 
Mellor & Maley’s (1948) series of divalent metals, 
namely : 
Hg>Cu>Ni>Pb> {0° 
\Zn>Cd>Fe>Mn>Mg. 
This order has been demonstrated for the following 
complex-forming agents, ammonia, ethylenedi- 
amine, propylenediamine, salicylaldehyde, acety]l- 
acetone, 8-hydroxyquinoline (Mellor & Maley, 1948; 
Maley & Mellor, 1949), salicylaldehyde-5-sulphonic 
acid (Calvin & Melchior, 1948) and 2:2’:2”-triamino- 
triethylamine (Ackermann, Prue & Schwarzenbach, 
1949). Moreover, Flood & Loras (1945) have demon- 
strated an order for glycine consistent with that 
found in the present work, namely: 


Hg>Cu>Ni>Zn>Co>Cd. 


It will be shown in Part 2, that the pteridines depart 
considerably from this order. 

The lack of affinity for ferric ions shown by the 
«-amino-acids forms a striking contrast with the 
behaviour of 8-hydroxyquinoline and 8-hydroxy- 
quinoline-5-sulphonic acid which combine with 
Fet+++ as avidly as they do with Cut+. 

The log K, values of Table 2 are compared in 
Table 3 with all such values as have appeared in the 
literature. In general, the agreement is good, in view 
of the fact that each of the sources given in Table 3 
used a different method of calculating the results and, 
in some cases, a different experimental method from 
those used in the present work. 

Some values for f-alanine and taurine are in- 
cluded in Table 2. Of these, only the complex of - 
alanine with copper could be measured accurately. 
Although moderately stable, the copper was fifty 
times less strongly held than in the least avid of the 
a-amino-acids. The corresponding figure for the 
addition of the first two nitrogens in the complex 
between copper and ammonia, Cu++(NH,),, is 8-16 
(Bjerrum, 1941). 

If at some pH value all the amino-acids in Table 2 
were equally well ionized, their success in competing 
for traces of metallic ions at that pH would be in 
proportion to their stability constants alone. How- 
ever, at the physiologically interesting pH of 7-3, the 
amount of anion (e.g. IV) present varies from 0-04 % 
in the case of proline to 2-45% in the case of as- 
paragine, i.e. over a 60-fold range. It is evident from 
equation (ii) that a sufficient excess of anion (the 
chelating species) could enable a given substance to 
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Table 3. Comparison of results for log K, (from Table 2) with those in the literature 


Co++ 


8-9 
8-4 
8-9 


Ca++ 


8-1 
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Mnt+ 
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Mgt+ 
4 (approx.) 


4 (approx.) 
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Amino-acid Cut++ Ni*+ Znt+ 

Glycine (1) 15-4 11-0 9-3 
(2) 15-1 = amy 
(3) 15-1 ps 
(4) 15-2 10-6 8-9 
(5) 15-4 9-7 
(6) 15 os —_ 
(7) = —_ a 

Alanine (1) 15-1 — - 
(2) 15-0 ims Se 
(5) 14-8 Soe _ 

Valine (1) 15-1 pa ie 
(5) 14-5 a ‘an 


(1) Present work. 


(2) Keefer (1946), by polarography (pH 9-8-11-8). 


8-4 = as = 


8-8 — a or 


8-6 ie oki ioe 
8-2 = i a 


(3) Laitinen, Onstott, Bailar & Swann (1949), by polarography (pH 6-3-7-9). 

(4) Flood & Loras (1945), potentiometry with glass electrode. 

(5) Maley & Mellor (1950), potentiometry with glass electrode. 

(6) Riley & Gallafent (1931), potentiometry with copper electrode (cf. Borsook & Thimann, 1932). 


(7) Greenwald (1939). 


compete successfully with a substance of somewhat 
higher K, and higher basic pK. This actually occurs 
at pH 7-3 in the present series and asparagine can 
compete successfully with glycine and glycine with 
proline for all the metals used. This effect is greatest 
where the less avidly bound metals are concerned, 
e.g. asparagine is five times as successful as proline in 
securing Fet++, and seven times as successful in 
securing Mn**. 

This situation (namely that pK, as well as K, 
determine the outcome of competition for a metallic 
ion) will be enlarged upon in Part 2. It is already 
evident that the function ”, which represents the 
fraction (of the theoretically formable amount of 
complex) actually formed at a given pH, can be of 
greater interest to biochemists than the stability 
constant which is derived from it. 


SUMMARY 


1. The avidities of the bivalent «-amino-acids for 
the ions of heavy metals have been measured and 
recorded in the form of stability constants. 


2. The determinations were made _ potentio- 
metrically, using a glass electrode, and consist funda- 
mentally of titrating the complex-forming agent 
(e.g. glycine) in the absence and in the presence of the 
various metallic ions. The relevant calculations are 
outlined and some short cuts indicated. 

3. For all amino-acids, the stability constants 
were found to follow the same order, namely 


Cutt> Nitt+ > Znt++>Cott+ 
>Cdt+>Fet+>Mn+t+> Mgt, 


4. For any one metal, the stability constants for 
the various «-amino-acids varied over only a 100-fold 
range. 

5. It is pointed out that the success of the various 
amino-acids in competing with one another for a 
trace of a metallic ion will be proportional not only to 
their stability constants but also to their basic 
ionization constants. 


The author wishes to thank Mr J. N. Phillips for help with 
theoretical aspects of this work and Mr E. W. Rogers for 
skilled experimental assistance. 


REFERENCES 


Ackermann, H., Prue, J. E. & Schwarzenbach, G. (1949). 
Nature, Lond., 163, 723. 

Albert, A. (1950). Biochem. J. 46, xxxix; 47, ix. 

Albert, A. & Brown, D. J. (1949). 1st Int. Congr. Biochem. 
Abstr. p. 241. 

Bjerrum, J. (1941). Metal Ammine Formation in Aqueous 
Solution. Copenhagen: Haase and Son. 

Borsook, H. & Thimann, K. (1932). J. biol. chem. 98, 
670. / 

Calvin, M. & Melchior, N. (1948). J. Amer. chem. Soc. 70, 
3270. 

Fleck, H. R. & Ward, A. (1933). Analyst, 58, 388. 


Flood, H. & Loras, V. (1945). Tidsskr. Kjemi, Berg. og. 
Metallurgi, 5, 83. 

Greenwald, I. (1939). J. phys. Chem. 43, 379. 

Keefer, R. (1946). J. Amer. chem. Soc. 68, 2329. 

Laitinen, H., Onstott, E., Bailar, J. & Swann, S. (1949). 
J. Amer. chem. Soc. 71, 1550. 

Maley, L. E. & Mellor, D. P. (1949). Aust. J. Sci. Res. A, 2, 92. 

Maley, L. E. & Mellor, D. P. (1950). Nature, Lond., 165, 453. 

Mellor, D. P. & Maley, L. E. (1948). Nature, Lond., 161, 
436. 

Phillips, J. N. (1950). (In preparation.) 

Riley, H. L. & Gallafent, V. (1931). J. chem. Soc. p. 2029. 





Appendix 


538 
A. Derivation of equations (iv) and (v). 
___— (AL) + 2111) 
"*(M)+(1) +(0)’ 


where [M] is the concentration of free metallic ions and II 
and III are the complexes illustrated in the introduction 
(p. 531). Then 
m  [I0}+2{1tt) [1] 

1-% [M)-[I1I]) ([M)’ 
when [IIT] is small, also 

m-1 [111)-[M)_[IITj 

2-n 22M)+(0) [1l)’ 
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when [M] is small. Hence (from i) 
K’=7i/1 -7[Se], 
provided [IIT] is small, and 
K* =(% -1)/(2 - 7) [Se] 
provided [] is small. 





B. Derivation of equation (xii). 
When 7=1, [II] +2{III] =[M] +[11] +[111); hence 
[M]=[IIT] and, as K, =[IIT}/[M] [Se}?, 
K,=1/[Sc}. 


The Amino-acid Composition of the Protein Material in Soil 


By J. M. BREMNER 
Chemistry Department, Rothamsted Experimental Station, Harpenden, Hertfordshire 


(Received 1 May 1950) 


Recent work (Kojima, 1947a; Bremner, 1949) has 
shown that a considerable fraction of the organic 
nitrogen of soil is in the form of protein, about one- 
third of it being liberated as «-amino nitrogen by acid 
or alkaline hydrolysis. No method of separating this 
protein material from other soil constituents has yet 
been found and information about its amino-acid 
composition is scattered and incomplete. The follow- 
ing amino-acids have been isolated as hydrolysis 
products of soil organic matter: leucine (Suzuki, 
1906-8; Robinson, 1911; Lathrop, 1917; Kojima, 
1947b), isoleucine (Robinson, 1911; Kojima, 19475), 
valine (Kojima, 19475), alanine and proline (Suzuki, 
1906-8), arginine and histidine (Schreiner & Shorey, 
1910a, 6; Lathrop, 1917; Tokuoka & Dyo, 1937), 
lysine (Shorey, 1913; Lathrop, 1917), aspartic acid 
(Suzuki, 1906-8; Kojima, 19476) and tyrosine 
(Lathrop, 1917). The presence of large amounts of 
extraneous material in soil hydrolysates makes pre- 
parative work so difficult that few workers have 
attempted more than qualitative isolation of some 
of the amino-acids present. In consequence the 
results obtained by isolation are too limited to 
permit deductions regarding the amino-acid distri- 
bution in soil. 

The object of the present investigation was to 
identify the various amino-acids liberated by hydro- 
lysis of soil protein and to determine whether or not 
the proteins in different soils are similar in their 
amino-acid composition. The method used for amino- 
acid analysis, that of partition chromatography on 
paper, permitted a comparison of the amino-acid 
distribution in a variety of soils. 

Preliminary results of this work have already 
appeared (Bremner, 1950). 


MATERIALS, METHODS AND RESULTS 


Soils. The ten soil samples used differed greatly in pH 
value, organic-matter content and cultural history. The 
selection included four neutral fen soils (nos. 1-4), an acid fen 
soil (no. 8), an acid peat (no. 7) and a Russian chernozem 
(no. 9). The latter was from a bulk stock used by K. K. 
Gedroiz in his classical investigations on ‘base exchange’. 
The three Rothamsted soils were selected to provide extreme 
contrasts in cultural history: sample 5 was from a continuous 
wheat plot (Broadbalk 2B) receiving farmyard manure 
annually, sample 6 was from unmanured land (Hoosfield) 
fallowed for 3 years after over a 100 years under alternating 
wheat and fallow, and sample 10 was taken in 1943 from an 
arable field (Sawyers II) down to grass from 1928 to 1940. The 
pH values of the samples were determined with the glass 
electrode, N contents by a micro-Kjeldahl procedure and 
CaCO, contents by the Schollenberger (1930) technique 
(Table 1). 

Hydrolysis. The soils were hydrolysed by boiling under 
reflux for 24 hr. with 6N-HCl (4 ml./g. of air-dried soil). In 
the case of sample 3, CaCO, was removed before hydrolysis by 
leaching with cold 0-1N-HCl, which extracts insignificant 
amounts of organic N from soil. The hydrolysis mixtures 
were filtered, the residues washed thoroughly with hot water, 
and the filtrates concentrated several times in vacuo to 
remove HCl. The residues were dissolved in water and the 
solutions brought to pH 7-0 by addition of NaOH. The pre- 
cipitates formed on neutralization were removed by filtra- 
tion, washed with hot water, and the filtrates concentrated 
to small volume in vacuo and desalted by the electrical 
method of Consden, Gordon & Martin (1947). The brown pre- 
cipitates formed during desalting were removed by filtration 
and the filtrates concentrated in vacuo. The N contents of the 
concentrated solutions were determined by a micro- 
Kjeldahl procedure and sufficient water was added to each 
to give a total N content of about 2 mg./ml. 
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Table 1. Description of soils studied 

Percentage on 

moisture-free basis 
No. Soil Site pH N CaCO, 

1 Fen Swaffham 7-3 2-38 4-03 
2 Fen Methwold 7-2 2-62 1-37 
3 Fen Burwell 7-5 2-04 30-30 
4 Fen Littleport 7-2 1-52 3-04 
5 Clay loam Rothamsted 7-7 0-25 2-39 

6 Clay loam Rothamsted 75 0-10 0 

7 Peat Ponterwyd 4-1 2-50 0 

8 Fen Peterborough 5-0 1-78 0 

9 Chernozem Voronezh, U.S.S.R. 6-2 0-51 0 

10 Clay loam Rothamsted 5-5 0-18 0 


Partition chromatography. The technique used for two- 
dimensional chromatography was essentially that of Dent 
(1948). The chromatogram was run in one direction with 
phenol in an atmosphere of NH, and HCN, and in the other 
with ‘collidine’ in an atmosphere of diethylamine. The 
‘collidine’ used was the mixture described by Dent (1948), 
consisting of equal parts of 2:4:6-collidine and 2:4-lutidine. 
The solvents were used in the order given above; trials in 
which the order was reversed gave unsatisfactory results. 
Whatman no. 4 filter paper was used throughout. The chro- 
matograms were sprayed with ninhydrin (0-1%, w/v) in 
CHCI, and the strengths of the spots detected were estimated 
visually from their size and colour intensity using an arbi- 
trary scale of 10 units (Table 2). Proline and hydroxyproline, 
which give yellow and orange ninhydrin colours respectively, 
were assessed as strong (S), medium (M) and weak (W). The 
results of one of the two-dimensional chromatograms are 
shown diagrammatically in Fig. 1. 


Identification of ninhydrin-reacting substances 


y-Aminobutyric acid. Most of the amino-acids were readily 
identifiable from the pattern of the spots, the chromatograms 
being compared with those of synthetic mixtures of pure 
amino-acids run under identical conditions and with Dent’s 
(1948) ‘map of the spots’. In many cases identifications were 
checked by adding pure amino-acids to the hydrolysates and 
observing that under identical conditions the pure substances 
ran exactly with the unknowns. The identity of y-amino- 
butyric acid was confirmed in this way with a specimen of the 
pure amino-acid kindly supplied by Dr C. E. Dent. The 
presence of y-aminobutyric acid in the hydrolysates was also 
demonstrated by the CuCO, technique of Crumpler & Dent 
(1949), which distinguishes «-amino-acids from other nin- 
hydrin-reacting substances. Only one spot could be de- 
tected on papers dusted with CuCO, ; it occupied the position 
taken up by y-aminobutyric acid on control chromato- 
grams. 

Methionine, cystine and leucine isomers. Methionine and 
the leucine isomers cannot be distinguished on two-dimen- 
sional phenol-‘ collidine’ chromatograms as their spots over- 
lap. Complete separation of these amino-acids could not be 
achieved on one-dimensional chromatograms using either 
benzyl alcohol or n-butanol as solvent (Consden, Gordon & 
Martin, 1944; Consden, Gordon, Martin, Rosenheim & 
Synge, 1945). They were readily distinguished, however, on 
one-dimensional chromatograms run in ¢ert.-amyl alcohol 
(Work, 1949 a), and the presence of leucine and isoleucine in 
all of the soil hydrolysates was established by this method. 


Methionine could not be detected even when the chromato- 
grams were overloaded with the otheramino-acids. Attempts 
to detect methionine by the H,O, technique (Dent, 1947), 
which reveals sulphur-containing amino-acids, were also un- 
successful; neither the sulphone derived from methionine 
nor cysteic acid, which normally appear if methionine and 
cystine are present, could be detected on two-dimensional 
phenol-‘collidine’ chromatograms after oxidation with 
H,0, ,even when the chromatograms were run with five times 
the usual quantity of hydrolysate. Before and after H,O, 
treatment, however, most of the chromatograms showed a 
weak spot in the position taken up by the sulphoxide derived 
from methionine. The identity of this spot was confirmed by 
markerexperiments with methionine, which is partly oxidized 
to this sulphoxide during the phenol run. The behaviour of 
methionine added to the hydrolysates towards H,O, was 
found to be very erratic. In some cases it was oxidized to the 
sulphoxide, in others to the sulphone and occasionally to 
both. It is presumed that substances present in the hydro- 
lysates interfered with oxidation. Whatever the reason, it 
was not possible to decide whether this sulphoxide was 
present as such in the original hydrolysates or was formed 
from methionine during the phenol run. If methionine was 
present in the hydrolysates the amount must have been very 
small. Had cystine been present it would have been revealed 
by the H,O, technique, since it was readily detected as 
cysteic acid when added to the hydrolysates. The sensitive 
spot test for cystine described by Dent & Rose (1949) gave 
negative results when applied to the hydrolysates, and 
neither cystine nor methionine could be detected by spraying 
chromatograms with potassium iodoplatinate (Consden, 
Gordon & Martin, 1946; Winegard, Toennies & Block, 1948). 

Histidine and tyrosine. Both amino-acids, which give weak 
reactions with ninhydrin, were only barely visible on some of 
the two-dimensional chromatograms. Their presence in the 
hydrolysates was readily confirmed, however, by means of 
one-dimensional chromatograms run in the butanol-acetic 
acid mixture used by Partridge (1948) for paper partition 
chromatography of sugars. Histidine and tyrosine are well 
separated on chromatograms run in this solvent and are 
readily detected by spraying first with diazotized sulphanilic 
acid and then with Na,CO, solution (Pauly, 1904). Un- 
satisfactory results were obtained with one-dimensional 
chromatograms run in ‘collidine’ (Dent, 1947), since the 
paper strips could not be freed from traces of solvent by 
repeated drying at 100° and washing with benzene or acetone. 

a, e~Diaminopimelic acid. The substance occupying spot 10 
(Fig. 1) could at first not be identified with any known nin- 
hydrin-reacting substance. A similar substance was found in 
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Table 2. Strengths of spots observed on two-dimensional chromatograms of the soil hydrolysates 


(Strengths of spots are on an arbitrary scale of 10 units. 1 =weak, 10=strong. The numbers before each amino-acid refer 
to the spot numbers in Fig. 1. S=strong, M=medium, W =weak.) 


ete oak Soilno. ... 1 2 3 4 5 6 7 8 9 10 

1 Phenylalanine 4 3 + 3 3 3 + 3 3 4 
2 Leucine, etc.* 10 10 10 10 9 9 10 10 10 10 
3 Valine 9 9 9 9 9 9 9 9 9 9 
4 Alanine 10 10 10 9 10 10 10 10 10 10 
5 Glycine 9 9 9 8 8 9 9 9 10 9 
6 Threonine 6 6 6 + 5 6 7 5 5 7 
7 Serine 7 8 7 7 7 8 8 6 6 8 
8 Glutamic acid 9 10 9 8 8 8 9 9 3 7 
9 Aspartic acid 8 10 9 7 6 6 9 8 2 6 
10 «, e-Diaminopimelic acid 1 1 1 1 1 1 2 1 <3 2 
11 Lysine 5 + 4 + 5 4 7 6 8 S. 
12 Arginine + 4 5 4 4 + 5 5 5 6 
13 f-Alanine 2 2 2 3 3 3 3 3 3 4 
14 y-Aminobutyric acid 2 1 2 2 2 3 2 3 2 3 
15 «-Amino-n-butyric acid 2 2 <1 <1 1 <1 2 2 1 <1 
16 Sulphoxide of methionine 1 1 1 <1 1 -— <1 <l <1 ~— 
17 Histidine 1 1 <1 ] <i <1 3 <1 <1 <j 
18 Tyrosine 2 1 1 2 2 <1 3 1 | <1 
19 Proline M M M M M M M S M S 
20 Hydroxyproline M M Ww W W Ww W S W W 

Amino sugar 

21 Glucosamine 1 <1 2 <1 <1 — 1 <1 <1 <1 


* A composite spot which may contain methionine and the leucine isomers. An independent method showed that only 
isoleucine and leucine were present, the relative concentrations of these amino-acids being about 2:3. 


alkaline hydrolysates of soil. Its position was unaffected by 
H,0,, indicating that it was not a sulphur-containing amino- 


Collidine 





Phenol 


Fig. 1. Diagram of chromatogram obtained from acid hydro- 
lysate of soil no. 7. The sample was placed at the bottom 
right-hand corner of the filter paper. Phenol was run from 
right to left followed by ‘collidine’ in an upward direction. 
The convention is used of representing the strength of the 
ninhydrin colour reaction by means of the size of the 
spot, using an arbitrary scale. A key to the numbers of the 
spots is given in Table 2. 


acid. It appeared to be an «-amino-acid since it could not be 
seen on chromatograms dusted with CuCO, (Crumpler & 


Dent, 1949). Its position on the two-dimensional phenol- 
‘collidine’ chromatogram seemed to be identical with that of 
an unknown ninhydrin-reacting substance found by Work 
(1949, 6) in acid hydrolysates of the water- and ethanol- 
insoluble portion of Corynebacterium diphtheriae. The latter 
substance has recently been isolated in crystalline form and 
identified as «, e-diaminopimelic acid (Work, 1950). When a 
sample of this new amino-acid, kindly supplied by Dr 
Elizabeth Work, was added to the soil hydrolysates it ran 
exactly with the unknown. The results of these marker ex- 
periments and of the H,O, and CuCO, tests, together with the 
fact that the unknown wasstable to prolonged hydrolysis with 
acid or alkali (6N-NaOH), leave very little doubt as to the 
identity of the substance. Further identification by isolation 
and chemical characterization was not attempted. 


Alkaline hydrolysis 


Since tryptophan is destroyed during acid hydrolysis, 
alkaline hydrolysates of soil were examined for its presence. 
Soil samples 3 and 7 were used; before hydrolysis the former 
was leached with 0-1N-HCl to remove CaCO;. 5Nn-NaOH 
(7 ml./g. of air-dried soil) was used for hydrolysis, which was 
carried out in sealed tubes at 100° for 30 hr. The hydrolysis 
mixtures were filtered, the residues washed thoroughly with 
hot water and the filtrates neutralized with HCl. From this 
stage the procedure was as described for acid hydrolysates. 
Two-dimensional chromatograms of the desalted hydro- 
lysates differed from those of acid hydrolysates in that 
ornithine was present and serine, threonine, arginine and 
glucosamine were absent. Tryptophan could not be detected 
even when the chromatograms were overloaded with the 
other amino-acids. Judging from the strengths of the spots 
on the chromatograms, alkaline hydrolysates contained 
greater amounts of «-amino-n-butyric acid than did acid 
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hydrolysates. Preliminary results of an investigation of the 
effect of hot 5n-NaOH on various amino-acids indicate that 
this is due to the formation of «-amino-n-butyric acid from 
threonine during alkaline hydrolysis. 


p-Amino-acid content of soil hydrolysates 


Acid hydrolysates of soils 3 and 9 were examined for the 
presence of D-amino-acids. «-Amino N was determined in 
the hydrolysates by the ninhydrin technique (Van Slyke, 
Dillon, MacFadyen & Hamilton, 1941) and p-amino-acid N 
by the method of Lipmann, Behrens, Kabit & Burk (1940), 
which utilizes the specific D-amino-acid oxidase of Krebs 
(1935). The enzyme preparation employed was obtained 
from sheep kidneys (Negelein & Brémel, 1939). Themaximum 
amounts of D-amino-acid N present in acid hydrolysates of 
soils 3 and 9, calculated from the O, uptakes of samples in 
presence of the enzyme, were 1-4 and 1-7 % of the total «- 
amino N, respectively. 


Free amino-acids in soil 


Cold aqueous extracts of several of the soils were concen- 
trated in vacuo at 40° and examined by paper partition 
chromatography. No free amino-acids could be detected. 
Tests with several amino-acids showed that they were 
rapidly destroyed when perfused through soil. 


DISCUSSION 


Since soil organic matter is formed by the action of 
micro-organisms on the plant and animal residues 
that find their way into the soil, it will contain, in 
addition to proteins derived from such residues, a 
considerable amount of protein material of microbial 
origin. It is not surprising, therefore, to find that soil 
hydrolysates contain most of the known naturally 
occurring amino-acids. Recent work has shown that 
a-aminobutyric acid, B-alanine and y-aminobutyric 
acid are widely distributed in plant, animal and 
bacterial extracts. ae-Diaminopimelic acid, iso- 
lated by Work (1950) from cells of Corynebacterium 
diphtheriae, is probably a constituent of bacterial 
proteins. A substance with similar properties has 
been found by the writer in hydrolysates of rotted 
straw and by other workers in products of bacterial 
origin (see Work, 1950). The sulphoxide derived 
from methionine has been detected in various 
natural mixtures (Dent, 1948; Work, 1949a; 
Gordon, 1949). It is uncertain whether it is present 
as such in soil or is formed from methionine either 
during the phenol run or by catalytic oxidation 
during hydrolysis. 

The detection of glucosamine, serine and threonine 
in the soil hydrolysates confirms previous evidence 
(Bremner, 1949) that 2-amino sugars and hydroxy- 
amino-acids occur in soil. Glucosamine probably 
exists in soil in the form of polysaccharide such as 
chitin. 

Although tryptophan, cystine and methionine 
could not be detected in the soil hydrolysates, they 
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are perhaps not entirely absent from soil. It may be 
that all three amino-acids are destroyed in the 
various secondary reactions which are possible 
during the hydrolysis of a complex heterogeneous 
material such as soil. Tryptophan undergoes some 
destruction whether acid or alkali is used for hydro- 
lysis, and in the presence of carbohydrate its 
destruction by acid is complete. Small amounts of 
organic sulphur occur in soil and some of this is 
presumably in the form of amino-acids such as 
cystine and methionine. 

Since several D-amino-acids have been found in 
products of microbial metabolism they may be 
expected to occur in soil. Although D-amino-acids 
were in fact detected in acid hydrolysates of soil, the 
amounts found were extremely low and could have 
arisen by the small degree of racemization of L- 
amino acids which takes place during acid hydrolysis 
of proteins. 

Under the conditions of acid hydrolysis used in 
this work purines are decomposed giving rise to 
glycine (Markham & Smith, 1949). Some of the 
glycine found in soil hydrolysates is probably derived 
in this way since nucleic acids, which contain 
guanine and adenine, are believed to be present in soil 
(Shorey, 1913; Bottomley, 1919; Wrenshall & Dyer, 
1941). 

The failure of attempts to detect free amino- 
acids in the soils studied is in agreement with 
recent work by Quastel & Scholefield (1949) who 
found that most amino-acids are rapidly nitrified in 
soil. 

Comparison of the results given in Table 2 shows 
that the protein materials in different soils do not 
differ greatly in amino-acid composition. The 
similarities in the amino-acid distribution of the 
various soils studied are much more striking than 
the differences. Indeed the only outstanding differ- 
ence is that the Russian chernozem (9) has a lower 
content of aspartic and glutamic acids than the 
others. The three Rothamsted soils, in spite of their 
contrasting manurial and cultural histories and pH 
values, have similar amino-acid distributions, with 
a little less aspartic acid than the fen and peat soils. 
The four acid soils have a slightly higher lysine con- 
tent than the others. Apart from these minor 
differences the general similarities suggest that, 
although soil organic matter is formed from a 
variety of materials under very different conditions, 
it tends to attain a more or less constant composition 
with respect to amino-acids, presumably through the 
activity of soil micro-organisms. 


SUMMARY 


1. The amino-acid composition of acid hydro- 
lysates of ten different soils has been studied by 
paper partition chromatography. 
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2. The following 20 amino-acids were found in 
every hydrolysate examined ; phenylalanine, leucine, 
isoleucine, valine, alanine, glycine, threonine, serine, 
aspartic acid, glutamic acid, lysine, arginine, histi- 
dine, proline, hydroxyproline, «e-diaminopimelic 
acid, «-amino-n-butyric acid, 8-alanine, y-amino- 
butyric acid and tyrosine. The sulphoxide derived 
from methionine and glucosamine were found in 
most of the hydrolysates. 

3. Cystine, methionine and tryptophan could not 
be detected. 

4. p-Amino-acids were detected in acid hydro- 
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lysates of soil, but the small amounts found could 
have arisen by racemization during hydrolysis. 

5. No free amino-acids could be detected in any 
of the soils studied. 

6. The results indicate that the protein materials 
in different soils are similar in their amino-acid 
composition. 


The writer wishes to thank DrC. E. Dent formuch valuable 
advice and for the gift of a sample of y-aminobutyric acid. 
He is also indebted to Dr Elizabeth Work for the gift of a 
specimen of ae-diaminopimelic acid isolated from Coryne- 
bacterium diphtheriae. 
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Studies in Congenital Porphyria 
3. THE INCORPORATION OF “N INTO THE HAEM AND GLYCINE OF HAEMOGLOBIN 


By C. H. GRAY, I. M. H. MUIR ann A. NEUBERGER 
The Department of Chemical Pathology, King’s College Hospital, London, 
and The National Institute for Medical Research, Mill Hill, London 


(Received 21 April 1950) 


In the two preceding papers of this series (Gray & 
Neuberger, 1950; Gray, Neuberger & Sneath, 1950) 
results were reported concerning the incorporation of 
15N into the coproporphyrin, uroporphyrin, sterco- 
bilin and hippuric acid of a patient suffering from 
congenital porphyria who had been fed isotopically 
labelled glycine. The present paper deals with the 


isotope content of the haem of the circulating 
haemoglobin and of the glycine from the globin as 
well as with haematological and other data concern- 
ing the patient. An attempt will be made on the 
basis of the new facts elicited during these investiga- 
tions to define more clearly the nature of the meta- 
bolic lesion in congenital porphyria. 





950 
uld 


ny 


als 
cid 


bie 
id. 
fa 


ls, 


1. 





Vol. 47 CONGENITAL 


EXPERIMENTAL 


General details of the patient and of the two feeding experi- 
ments have been given by Gray & Neuberger (1950). Most of 
the chemical methods used have also been described (Gray & 
Neuberger, 1950; Gray et al. 1950). 

‘Urobilinogen’ estimation. ‘Urobilinogen’ in faeces was 
estimated by the method of Schwartz, Sborov & Watson 
(1944) which measures all substances soluble in light 
petroleum and reacting with p-dimethylaminobenzaldehyde 
under specified conditions, and in addition any substances 
which behave similarly after reduction with ferrous ions in an 
alkaline medium. 


Isolation of glycine from a hydrolysate of haemoglobin 


The isolation of glycine from protein hydrolysates by pre- 
cipitation with potassium trioxalatochromiate has been 
described by Bergmann & Niemann (1938) and been used for 
various proteins. In applying this method to human 
haemoglobin, it was found that in the precipitation of the 
complex, aspartic acid was carried down with the glycine. 
Separation could be effected by dissolving the mixture of the 
benzamido acids in n-butanol followed by fractional extrac- 
tion with dilute alkali. The first fractions contained the more 
acidic benzoylaspartic acid. Hippuric acid, in rather poor 
yield, was obtained in a later fraction. In the second experi- 
ment aspartic acid was removed by the Foreman (1914) 
method before the precipitation of the glycine. 

All melting points are uncorrected. 

Packed red cells were washed three times with 0-9 % NaCl 
and laked with distilled water. The haemoglobin was pre- 
cipitated with acetone, washed with acetone and ether and 
dried. Dry haemoglobin (19 g.) was hydrolysed by refluxing 
with 150 ml. cone. HCl and 150 ml. glacial acetic acid for 
18 hr. The excess acid was removed by evaporating the 
solution twice to dryness in vacuo. The residue was taken up 
in 11. water and 10% (w/v) phosphotungstic acid added 
until there was no further precipitation. The precipitate was 
filtered after standing overnight at room temperature, and 
washed with 1% (w/v) phosphotungstic acid. The filtrate 
and washings were combined and extracted thrice with 
0-3 vol. of a 1:1 mixture of amyl alcohol and ether. Excess 
Cl- was removed by treating the solution with silver acetate 
until no longer acid to congo red. The AgCl was removed by 
filtration and washed with hot water. Excess Ag+ was 
removed as Ag,S, which was washed with hot water. The 
filtrate and washings were combined and boiled with a little 
charcoal. On evaporating the solution to about 50 ml. some 
crystals appeared, which were filtered off and discarded. The 
filtrate, after concentration to 20 ml., was treated with 
1-75 ml. cone. HCl and 9 g. potassium trioxalatochromiate 
(Inorganic Syntheses, Vol. 1). A solution of 5 ml. 10% (w/v) 
HCl in 35 ml. ethanol was then added and the mixture 
shaken for 10hr. The precipitate was filtered and washed 
with a solution of 25 ml. 0-5N-HCl in 75 ml. ethanol, and 
finally with ethanol, and dried (wt. 7-76 g.). The benzoylation 
was carried out by the procedure of Bergmann & Niemann 
(1938) using 2-4 ml. redistilled benzoyl chloride. At the end- 
of the reaction the solution was acidified with HCl, extracted 
thrice with benzene and then four times with equal volumes 
of ethyl acetate. The ethyl acetate solution was evaporated 
to dryness and the residue dissolved in water, treated with a 
little charcoal, filtered and evaporated in a desiccator until 
crystals appeared. Yield 808-1 mg., m.p. 165-168°. On re- 
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crystallization the melting point rose to 173°. The equivalent 
weight was 128-2 indicating admixture of a dicarboxylic acid. 
769-2 mg. of the mixture were dissolved in 100 ml. n-butanol 
saturated with water. The butanol solution was extracted 
with 10 portions of 30 ml. 0-02 N-NaOH. The emulsions which 
formed were dispersed by centrifuging. The ten alkaline 
extracts were acidified to congo red, and each extracted 
thrice with 30 ml. ethyl acetate. The extracts were dried and 
evaporated to dryness. Each residue was crystallized from 
water. The first four fractions contained benzoylaspartic 
acid, m.p. 181° alone or when mixed with an authentic 
specimen. (Found: C, 55-8; H, 5-1. Cale. for C,,H,,0;N: C, 
55:8; H, 4-7%.) The sixth fraction contained 80-4 mg. 
hippuric acid, m.p. 189-190° alone or when mixed with an 
authentic specimen. (Found: N, 7-3; Calc. for C,H,O,N: N, 
78%. 

In the second experiment 20 g. dried protein were used. 
After precipitation with phosphotungstic acid and removal 
of excess reagent, the solution was treated with Ca(OH), and 
ethanol. The precipitate was washed with 85% ethanol. 
Filtrate and washings were combined and excess Ca++ pre- 
cipitated with oxalic acid. The solution was then evaporated 
almost to dryness, and the residue dissolved in 20 ml. 
0-5N-HCl. Potassium trioxalatochromiate (9 g.) was added 
and the reaction carried out as before. Hippuric acid was 
isolated directly from the reaction mixture by extracting 
with ethyl acetate. It was recrystallized three times from 
water; m.p. 190°. 


RESULTS 
Isotope contents of circulating haem 


First glycine feeding. In the first experiment 
(Fig. 1) the ®N content of the circulating haem rose 
sharply from the 4th to the 12th day of the experi- 
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ment, when the isotope content was 0-303 atom % 
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Fig. 1. 45N contents of haemin samples obtained from a case 
of congenital porphyria who had been given isotopic 
glycine over days 1-4 (first experiment). Glycine (12 g.) 
containing 31-65 atoms % excess *N was fed. 


excess 15N. Since no fall of isotope content was ex- 
pected at this stage of the experiment, no further 
blood samples were taken until the 25th day, when it 
was found, rather surprisingly, that the *N content 
of the porphyrin had decreased to 0-187 atom % 
excess. Both analyses were obtained with twice re- 
crystallized protoporphyrin methyl ester. The iso- 
tope content then increased very slightly to 0-205 
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atom % excess in the following 2 weeks. Between the 
40th and 76th day there was a definite decrease, well 
outside the limits of error of the method, followed by 
a much greater fall in =N content between the 87th 
and 150th day of the experiment. 

The last part of the curve (80-150 days) has the 
shape as first observed in normal man by Shemin & 
Rittenberg (1946) and it would appear, therefore, 
that a large part of the population, possibly a half, of 
cells formed during the period immediately following 
the first feeding of isotopic glycine had anormal mean 
life span of about 110-120 days. However, an 
appreciable number of red cells must have had life 
spans of less than 20 days. It would also appear that 
a much smaller proportion of cells died between the 
40th and 75th day, i.e. probably had an average life 
span of about 50 days. It thus seems that the cell 
population was heterogeneous falling into three 
distinct groups: one with a normal life span, a 
second group with an intermediate life span and a 
third, large, group which died within 20 days. 
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Fig. 2. ©N contents of haemin samples obtained from a case 
of congenital porphyria who had been given isotopic 
glycine over days 1-2 (second experiment). Glycine (12 g.) 
containing 31-68 atoms % excess 5N was fed. The full line 
indicates experimental values; e, experimental points. 
The broken line gives values corrected for the decrease in 
15N of the haem of those cells labelled in the first glycine 
feeding. For details of this correction see text, this page. 


Second glycine feeding. The results obtained in the 
second experiment were completely different and 
are shown in Fig. 2. As pointed out in an earlier 
paper (Gray & Neuberger, 1950) the exact interpre- 
tation of these results is somewhat complicated by 
the fact that the haem of the patient at the beginning 
of the second experiment still contained 0-044 atom 
% excess 15N. We have corrected for the decrease in 
15N in the old cells still labelled from the first experi- 
ment (see Gray & Neuberger, 1950) by assuming that 
the decrease in *N content after the 200th day is 
linear and amounts to 0-00045 atom % excess/day 
under the conditions of our experiment. The general 
conclusions obtained are not greatly affected by the 
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somewhat arbitrary character of this correction. 
The maximum isotope content was reached on the 
12th day, the value then remaining constant up to 
the 30th day. There was a definite fall in isotope 
content between the 30th and 80th day, but the last 
part of the curve (80-150 days) was again normal in 
shape, showing the greatest rate of fall between the 
110th and 140th day. The results suggest that at least 
80% of the cells formed after the second glycine 
feeding had normal life spans (approximately 120 
days). The fall of *N content of the haem between 
the 30th and 80th day suggests that a small fraction 
had life spans varying between 20 and 80 days, a 
phenomenon which is not found in normal man.. 
However, there was no evidence that cells of ex- 
tremely short life span (less than 20 days) were 
present in the circulating blood in the second 
experiment. 


Haematological findings 


The haematological investigations were carried 
out by Dr W. M. Davidson of the Department of 
Clinical Pathology, King’s College Hospital, London. 

First glycine feeding. Blood counts and blood 
films were first made 20 days after the patient had 
received the first dose of isotopic glycine. The follow- 
ing values were obtained: red cells, 4-0 x 10°/mm.3; 
haemoglobin, 11-9 g./100 ml.; leucocytes, 3-1 x 10°/ 
mm.? A differential leucocyte count gave the follow- 
ing figures: polymorphs, 57; lymphocytes, 37 and 
monocytes, 6%. In the blood films the red cells 
showed anisocytosis, poikilocytosis, polychromasia 
and punctate basophilia. Three nucleated red cells 
were seen in counting 100 white cells. Thirteen days 
later red cell count and haemoglobin content were 
unchanged and leucocytes were 4-2 x 10*/mm.’. 
4-8 % of red cells were reticulocytes. The blood film 
showed marked polychromasia, with some aniso- 
cytosis and poikilocytosis. No nucleated red cells 
were seen. About 2:5 months later the haemoglobin 
content had risen to 12-7 g./100 ml. and the relative 
reticulocyte count had fallen to the normal value of 
0-7%. In the film the red cells still showed some 
anisocytosis and poikilocytosis. 

The almost normal red cell count and haemoglobin 
content are in striking contrast to the cytological 
findings. Thus the occurrence of nucleated red cells 
in the circulation, the marked reticulocytosis, poly- 
chromasia, punctate basophilia, the pronounced 
anisocytosis and poikilocytosis are generally associ- 
ated with severe anaemias in which the bone marrow 
is hyperactive. Our patient had already been the 
subject of careful investigations by Mackey & 
Garrod (1922, 1926) and of Garrod (1936), who 
described their haematological findings obtained 
about 25 years ago in some detail. The patient then 
had a very slight anaemia, the haemoglobin content 
varying between 80 and 85 % and a red cell count of 
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4-5 x 10/mm.*. However, there was polychromasia, 
punctate basophilia and anisocytosis. Nucleated 
red cells, both normoblasts and megaloblasts, were 
also seen at various times. The authors concluded 
‘that excessive haemolysis was in progress and was 
balanced by an abnormal production of red cells’. 
This interpretation of the haematological character- 
istics of the patient which have remained virtually 
unchanged for 25 years is now strongly supported by 
the isotope data. There is no doubt that a haemolytic 
crisis occurred during and immediately after the 
period during which the patient was fed isotopic 
glycine on the first occasion. This haemolysis of 
circulating red cells was counterbalanced by an 
increased production resulting in an almost normal 
haemoglobin content. The low leucocyte count was 
also observed in a normal subject under similar con- 
ditions and may be associated with the low protein 
diet given in the early stages of the experiment. 

Second glycine feeding. The patient was again 
examined about 6 weeks after the beginning of the 
second experiment. Red cell count was 5-0 x 108/ 
mm.°, haemoglobin was 12-4 g./100 ml. and leuco- 
cyte count was 4-0 x 108/mm.°. There was slight ani- 
socytosis and a mild degree of punctate basophilia. 
The isotope data suggest that most of the red cells 
formed in the beginning of the second experiment 
had normal life spans and thus agree with the haema- 
tological observations. The data of Mackey & Garrod 
(1926) also indicate that the haematological findings 
varied from time to time in this patient. 


‘Urobilinogen’ excretion 


‘Urobilinogen’ as estimated by the method of 
Schwartz et al. (1944) measures not only stercobilin 
and its hydrogenation product but also other bilenes 
and bilanes as well as other end products of haem 


Table 1. Daily faecal excretion of urobilinogen 
of the patient at various times 
(The values represent daily averages of 4-day collections.) 


Faecal urobilinogen 


Date (mg./day) 
15-19 Feb. 1949 316 
19-23 Feb. 1949 226 
23-27 Feb. 1949 350 

1-5 Dec. 1949 418 
9-13 Dec. 1949 252 
19-24 Jan. 1950 238 


catabolism. Biladienes and bilatrienes such as bili- 
rubin and biliverdin, however, are not included and 
there may well be other breakdown products of 
haem excreted in the faeces which are not estimated 
by this method. Table 1 gives results of faecal 
‘urobilinogen’ for selected periods during both ex- 
periments. Values for the daily faecal excretion of 
‘urobilinogen’ in normal subjects vary between 40 
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and 280mg. (Watson, 1938) and thus the figures 
obtained in this investigation are distinctly raised 
above normal. 


15N Contents of stercobilin 


The isotope contents of a few stercobilin samples 
collected in the second experiment are given in 
Table 2. The values are similar to those found in the 
first experiment (Gray et al. 1950) high values 
(1-2-1-3 atom % excess) being found immediately 
after feeding of isotopic glycine. At the time when the 
red cells were broken down, the isotope content of 
the stercobilin was only about 0-1 atom % excess. 
This is very different from what is observed in 
normal man and similar to our findings in the first 
experiment. 


Table 2. 1°N contents of crystalline stercobilin 
hydrochloride collected after the second glycine feeding 


185N content of stercobilin 


Day of experiment (atom % excess /N) 


3-8 1-24 

9-16 0-79 
126-132 0-096 
133-139 0-101 


The ®N content of the glycine in the globin 


Two glycine samples were obtained after the first 
glycine feeding. The first sample on the 12th day of 
the experiment had 0-156 atom % excess »N as 
compared with 0-303 atom % excess for the proto- 
porphyrin. The glycine obtained on the 39th day had 
0-211 atom % excess 15N, whilst the protoporphyrin 
isolated from the same blood sample had 0-205 atom 
% excess. 

DISCUSSION 


Comparison of the isotope contents of the excreted 
coproporphyrin I and uroporphyrin I with that of 
protoporphyrin IX 

If the nitrogen of all porphyrins is derived to an 

equal extent from that of glycine, the protoporphyrin 

IX, the uroporphyrin I and the coproporphyrin I, 

which are synthesized at the same time, should have 

equal isotope contents. It has already been pointed 
out (Gray & Neuberger, 1950) that uroporphyrin and 
to a lesser extent coproporphyrin are stored in the 
tissues of subjects suffering from congenital por- 
phyria and that the porphyrins excreted immediately 
after feeding isotopic glycine may therefore contain 
an unknown proportion of material synthesized 
before the 5N was administered. However, as a first 
approximation we shall neglect this possibility and 
assume that the *N content of the excreted copro- 
porphyrin is identical with that of material syn- 
thesized during the preceding 24-48 hr. The haem 
synthesized after feeding isotopic glycine mixes with 
a large amount of non-labelled haem, but the isotope 
35 
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content of the newly synthesized material can be 
calculated from that of the total circulating haem by 
equations first employed by Shemin & Rittenberg 
(1946). Assuming a mean life span of 120 days, 
which was observed in our second experiment, it can 
be calculated that the mean ¥N content of the haem 
synthesized during the first 5 days following the 
administration of glycine was about 4 atom % 
excess. The corresponding value for faecal copro- 
porphyrin during the same period was 2-4 atom % 
excess (Gray & Neuberger, 1950). The calculation for 
the protoporphyrin is not very accurate, since it 
implies that the isotope was introduced all at once 
into the body. In fact feeding took place over 2 days. 


SN contents of haem 
(atom % excess) 





0 10 20 30 40 
Time (days) 

Fig. 3. Comparison of the N contents of circulating haem 
with the theoretical values calculated from the faecal 
coproporphyrin results. The upper (full) line represents the 
experimental values corrected as in Fig. 2 and is a measure 
of the increase of *N in the haem due to the second glycine 
feeding. The broken line represents the curve expected on 
the basis of the coproporphyrin results assuming that the 
isotope contents of the newly formed circulating haem and 
of the excreted coproporphyrin I are identical and that the 
life span of the red cells is 120 days. 


A more satisfactory way of comparing the isotope 
contents of haem and coproporphyrin is to start with 
the assumption that the newly formed protopor- 
phyrin and the excreted coproporphyrin have the 
same isotope content and that the daily haem pro- 
duction is constant and equal to A/T, where A is the 
total circulating haem and T is the mean life span. 
If X;, is the isotope content of the faecal copro- 
porphyrin on day ¢, X,/T is the calculated increment 
of the isotope content of the total circulating haem 
on day t. By adding up the values of X,/T for the 
first 40 days, a calculated isotope curve for the haem 
is obtained which can be compared with the experi- 
mental curve (Fig. 3). It can be seen that the two 
curves are similar, but that the curve calculated on 
the basis of the coproporphyrin results reaches a 
maximum which is about 15% lower than the ex- 
perimental figure. This difference might be explained 
by assuming that the nitrogen atoms of type I 
porphyrin, in contrast to those of protoporphyrin 
IX, are not derived exclusively from glycine. How- 
ever, the fact that the calculated curve is still rising 
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at a time when the experimentally determined iso- 
tope content of the haemin is constant, suggests that 
the newly formed coproporphyrin is diluted some- 
what by preformed material. The results obtained 
are thus compatible with the assumption that the 
nitrogen atoms of porphyrins of both series I and III 
are derived to an equal extent from that of glycine. 


Comparison of the isotope content of the haem with 
that of the glycine contained in the globin 


The fact that the isotope content of the glycine 
obtained from the globin hydrolysate of the second 
large blood sample (taken on the 29th day) was 
almost identical with that of the protoporphyrin 
from the same sample of red cells agrees with the 
assumption that all four nitrogen atoms of por- 
phyrins are derived from glycine. With the blood 
sample obtained on the 12th day of the experiment 
the }N content of the porphyrin was almost twice as 
high as that of the glycine. As Thorell (1947) has 
shown, the formation of protein in the erythroblast 
precedes the synthesis of haem or porphyrin. Thus, 
when isotopic glycine first appears in the bone 
marrow, it will be utilized for protein synthesis by 
very young erythroblasts and for porphyrin syn- 
thesis by relatively mature cells. The latter will 
appear in the circulating blood very soon after 
administration of glycine and will contain a large 
amount of the isotope in the porphyrin and little in 
the globin part of the haemoglobin molecule. The 
isotope content of the free glycine of the body de- 
creases steadily and therefore the cells released into 
the circulation at a later stage will contain decreasing 
amounts of 45N in the porphyrin, but the globin 
glycine will be rich in isotope, since it was largely 
formed immediately after administration of the 
isotopic compound. Thus, provided the daily pro- 
duction of haem is constant, the isotope contents of 
the two fractions should become equal some time 
after the isotope content of the haem has reached its 
maximum value. The findings reported here are of 
considerable importance in the interpretation of 
other isotope data (Muir & Neuberger, 1950) con- 
cerned with the elucidation of porphyrin synthesis. 


Congenital porphyria and haemolysis 


The haematological findings indicate that the bone 
marrow of our patient is in an hyperactive state 
suggesting increased destruction of cells, a con- 
clusion already reached by Mackey & Garrod (1926). 
Similar observations of the occurrence of nucleated 
red cells in the circulating blood and of punctate 
basophilia, polychromasia and poikilocytosis to- 
gether with an almost normal blood count and 
haemoglobin content have been made in other cases 
of congenital porphyria (Ashby, 1926; Gray, 1926; 
Schmidt-La Baume, 1927). In other cases marked 
anaemia and enlargement of the liver and spleen 
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have been noted (Sato & Takahashi, 1926; Duesberg, 
1931; Dunsky, Freeman & Gibson, 1947). It seems 
that the anaemia often appears later in life. Thus the 
patient described by Gray (1926) had a normal blood 
count and haemoglobin content at that date, but 
had a severe anaemia 10 years later (Garrod, 1936). 
The patient Petry also developed an anaemia a few 
years before he died (Weiss, 1925; Guenther, 1925) 
and the post-mortem findings in this case were 
similar to those commonly observed in untreated 
pernicious anaemia (Borst & Koenigsdorffer, 1929). 
However, in many other cases of congenital por- 
phyria no abnormal haematological findings have 
been reported. In some of these cases cytological 
abnormalities of circulating red cells may have been 
present, but were not sought for owing to a normal 
red cell count or haemoglobin content. 

These deductions regarding haemolysis based on 
haematological findings are fully supported by the 
isotope data in our patient and in that of Grinstein, 
Aldrich, Hawkinson & Watson (1949). Our results 
and the reports in the literature suggest that such 
haemolysis may not take place continuously, but 
occurs intermittently or is at least periodically ex- 
acerbated. The combination of haemolysis and por- 
phyria is unlikely to be fortuitous. 


The mechanism of congenital porphyria 


A rational explanation of the mechanism of con- 
genital porphyria must account not only for the 
greatly increased excretion of porphyrin, mainly of 
type I, in urine and faeces, but also for the very large 
amount of isotope found in the stercobilin immedi- 
ately after feeding labelled glycine and for the ex- 
cessive haemolysis which has been shown to occur in 
at least some cases. 

It is suggested that congenital porphyria, in con- 
trast to acute porphyria, consists of a disturbance of 
porphyrin formation, not in the body as a whole, but 
in the erythropoietic system. All the clinical mani- 
festations may be ascribed either to an excretion and 
deposition of porphyrins in various tissues especially 
the skin, or to a disturbance of blood formation. The 
autopsy findings in the case of Petry led Borst & 
Koenigsdérffer (1929) to the conclusion that the 
large amounts of porphyrins or iron-containing pig- 
ments in the erythroblasts were related to their for- 
mation in these cells, whilst the presence of such 
pigments in many other tissues was due to secondary 
deposition. Such a disturbance in porphyrin meta- 
bolism, which is probably caused by a genetically 
determined abnormality of the enzyme systems con- 
cerned (Rimington, 1936, 1938), produces greatly in- 
creased quantities of type I porphyrin within the 
developing red cell. Such porphyrins cannot be 
utilized for haemoglobin synthesis and their presence 
may interfere with the normal process of erythro- 
poiesis. Developing red cells containing excessive 
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amounts of type I porphyrins may be broken down 
in the marrow, and the porphyrins of type I, which 
cannot give rise to the bile pigments, are excreted as 
such, whilst those of type III are converted to bili- 
rubin and ultimately to its reduction products, one 
of which is stercobilin. Isotope experiments have 
indicated that even in the normal a small part of the 
stercobilin is derived from non-circulating haem 
(London, West, Shemin & Rittenberg, 1948; 
Gray et al. 1950). This was explained as being caused 
by a destruction of haemoglobin accompanying its 
synthesis in the bone marrow. In congenital por- 
phyria owing to the presence of large amounts of 
type I porphyrin the rate of catabolism of haem or 
haemoglobin may be increased relative to that of 
haemoglobin synthesis with the result that the pro- 
portion of stercobilin which is derived from non- 
circulating haem is vastly greater than in the normal. 
Thus, unutilized porphyrins or stercobilin or both 
may diffuse out of the immature red cells without 
haemolysis taking place. 

On the other hand Borst & Koenigsdorffer (1929) 
found numerous porphyrin-containing immature red 
cells in phagocytes in preparations of the bone 
marrow of the case Petry; this is in accord with the 
view that haemolysis within the bone marrow is an 
important feature of congenital porphyria. 

It appears that under certain circumstances, the 
haemolysis does not take place until the primitive red 
cell has matured and reached the circulating blood. 
There is no evidence that the circulating red cells of 
patients with congenital porphyria contain por- 
phyrins of type I or their corresponding haem com- 
pounds, and haemolysis in the circulation cannot be 
explained in this way. However, as has been sug- 
gested above, the presence of large amounts of 
porphyrin of type I interferes in an unspecified 
manner with the production of normal red cells. 
A proportion of red cells which leave the bone 
marrow may be defective and have a life span 
appreciably shorter than normal. But there is an 
alternative explanation. Hausmann (1910) found 
that ‘haematoporphyrin’ sensitized red cells to 
haemolysis by light, and the presence of porphyrins 
in the circulating plasma may have a similar effect in 
vivo. On the other hand, the haemolytic crisis ob- 
served in our patient occurred in January, when the 
intensity of sunlight was insufficient to produce acute 
skin changes. 

The high “N content in the stercobilin observed 
immediately after glycine feeding and the relatively 
low =N content at a time when the labelled cells were 
broken down suggest that most of the stercobilin 
excreted by this patient was not derived from circu- 
lating haem. Since the breakdown of the circulating 
haemoglobin must produce an amount of bile pig- 
ment at least equal to that found in normal subjects, 
it would be expected that the total amount of bile 
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pigment excreted would be greatly increased. The 
quantity of ‘urobilinogen’ found at various periods 
was not as great as would be anticipated on the basis 
of the isotope results. This is probably due to changes 
of bile pigments occurring in the gut and giving rise 
to products not estimated by the method used. There 
is no indication of any excessive excretion of uro- 
bilin or urobilinogen in the urine, and the possibility 
that there has been an extensive diversion of bile 
pigments to the urinary tract can therefore be ex- 
cluded. Watson (1938) has already shown that there 
is no quantitative relationship between haemoglobin 
breakdown and bile pigment excretion. 


SUMMARY 


1. Glycine labelled with *N was fed on two 
separate occasions to a patient suffering from con- 
genital porphyria. Changes of isotope content of the 
circulating haem indicated marked haemolysis 
during the first experiment and slight haemolysis 
during the second experiment. These findings are 
supported by haematological data. 
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2. Isotope contents were estimated in glycine iso- 
lated from the two globin samples. The results 
suggest that globin synthesis precedes that of haem, 
and that all four nitrogen atoms of protoporphyrin 
are derived from that of glycine. 

3. The ‘urobilinogen’ excretion was raised above 
normal values, but not to levels anticipated on the 
basis of the isotope results. 

4. Itis suggested that in congenital porphyria the 
excessive excretion of porphyrin of type I is associ- 
ated with a disturbance of blood formation leading to 
increased breakdown of haem in the bone marrow 
and in the circulating blood. 
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Biochemistry of Locusts 


3. INSECTORUBIN: THE REDOX PIGMENT PRESENT IN THE INTEGUMENT AND EYES 
OF THE DESERT LOCUST (SCHISTOCERCA GREGARIA FORSK.), THE AFRICAN 
MIGRATORY LOCUST (LOCUSTA MIGRATORIA MIGRATORIOIDES 
R. AND F.) AND OTHER INSECTS 


By T. W. GOODWIN anp S. SRISUKH 
Department of Biochemistry, The University of Liverpool 


(Received 17 March i950) 


A major pigment component of the integument of the 
desert locust (Schistocerca gregaria Forsk.) and the 
African migratory locust (Locusta migratoria migra- 
torioides R. & F.) is easily extractable with cold 
absolute methanol or ethanol containing 1—5 % (v/v) 
of concentrated hydrochloric acid; it has been 
cursorily examined by Chauvin (1938, 1941), who 
named it acridioxanthin and considered it to be an 
anthocyanin derived from the food. It is a redox 
pigment, being yellow when oxidized and wine-red 
when reduced; the reduced form has occasionally 
been referred to as acridioerythrin by Chauvin. 
Becker (1939, 1941, 1942) examined the redox pig- 
ments present in the ommatidia of a number of insect 
species to which he gave the general term ommo- 
chromes, subdividing these into ommins and omma- 
tins. He considered acridioxanthin to be a typical 
ommochrome, but Chauvin (1944) has denied this. 
Insect redox pigments have also been investigated 
by Ephrussi (1942), Ephrussi & Herold (1944), Wald 
& Allen (1946), Villee (1947), Maas (1948) and Okay 
(1948). The present paper reports a study of the 
redox pigments occurring in the integument and 
eyes of the desert locust and the migratory locust 
and in the eyes of Ephestia kiithniella and Drosophila 
melanogaster (wild type). These pigments cannot be 
distinguished from each other using the experimental 
methods available at present; further, when the 
results of previous investigations are considered in 
the light of experience gained during the present 
work, one is forced to the conclusion that these pig- 
ments are also indistinguishable one from the other 
and from the pigments at present under considera- 
tion. A question of nomenclature thus arises. Acri- 
dioxanthin is unsatisfactory because the pigment is 
purple in its native state and because it is not con- 
fined to Acrididae; there is less objection to ommo- 
chrome, but this is unsatisfactory because the pig- 
ment is not confined to insect ommatidia and because 
the subdivision into ommins and ommatins appears 
to be spurious (see below) ; it is suggested that a more 
appropriate term is insectorubin. 

Owing to the fact that on isolation insectorubin 
rapidly changes into an intractable powder, speci- 


mens from different sources have not been obtained 
in crystalline form; although this precludes final 
proof of the identity of different specimens, all pro- 
perties point to identity. However, in the absence of 
crystalline specimens, it must be conceded that the 
pigments from various sources may differ in some 
minor degree. Our own experience and that of other 
investigators suggest that the possibility of isolation 
of crystalline specimens is, at the moment, some- 
what remote, as the brown powder obtained is 
reminiscent of melanin (Tatum & Beadle, 1942; see 
also below) which has defied attempts at crystalliza- 
tion for many years. Insectorubin, then, willserve as 
useful a purpose as the term melanin in indicating, if 
not a single pigment, then a group of extremely 
closely related pigments which are at the moment 
indistinguishable, and will perhaps prevent an un- 
justified multiplicity of names as further insect 
species are examined. 


EXPERIMENTAL 


As methods of extracting the integument of both species of 
locusts were the same, and as they yielded similar results, 
they will not be described separately. 

The appropriate tissue was finely ground with acid-washed 
silver sand and was extracted with acetone to remove the 
carotenoids, f-carotene and astaxanthin (Goodwin & 
Srisukh, 1949), and then with successive portions of 80% 
(v/v) aqueous ethanol until no more yellow pigment was 
extracted. The aqueous ethanol extract was evaporated to 
dryness in vacuo and the residue freed from traces of caro- 
tenoids by washing with ether. The resulting brown solid was 
then treated according to the method described by Pryor 
(1940). It was found to contain two substances, one giving 
a green coloration with FeCl,, probably an ortho-dihydric 
phenol, and the other a brown material which has not been 
studied further. Ortho-dihydric phenols have already been 
reported in insects, including Locusta migratoria, by Pryor 
(1940). Insectorubin was then obtained by extraction of the 
tissue with ethanol or methanol containing 1-5 % (v/v) of 
conc. HCl or with 0-5 N-NH,OH or 0-1 N-NaOH. Using acid 
ethanol or acid methanol, the solvents are first purified by 
distillation after refluxing over Zn and solid KOH for 3 hr. 
If the solvents are not purified the wine-red extract of 
insectorubin is soon oxidized to the orange-yellow form. 
Exhaustive extraction with acid ethanol always leaves the 
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Table 1. Absorption maxima of insectorubin in various solvents and after chromatographic separation 
and isolation in the solid form 





Amax, (Mp) 
A ——_-, 
Condition NaOH Glacial acetic acid Acid ethanol Cone. H,SO, Ethylene glycol 
Fresh extract (as extracted) 290, 350,415 280, 340, 460-465 275-280, 375, 460 310, 410, 440, 515 292, 350, 460 
Reduced — — 275-280, 375, 490 — 385, 485-490 
Oxidized — _ 375, 445-450 a — 
After chromatography 
Reduced 245, 290, 380 — 365, 490 os — 
Oxidized 245, 290, 380 _— 365, 445 —_ — 
Isolated solid (damp) 
Reduced — = 275, 450 442, 504 — 
Oxidized — — 275, 435 — — : 


Isolated solid (dried) si eas 


tissues tinged with pink and this residual pigment (about 
30 % of the total) is then easily extracted with acid methanol 
(Goodwin, 1950). 

The absorption spectra of freshly prepared extracts are 
recorded in Figs. 1 and 2. It should be noted that owing to 
the instability of insectorubin the H}%, values are only 
approximate. The exact wavelengths of the maxima exhi- 
bited in various solvents are collected in Table 1. The typical 
changes in the spectrum on oxidation must be emphasized ; 
the band at 275-280 my. disappears completely, the band at 
375 my. becomes less pronounced, whilst that at 490 muy. 
shifts to a lower wavelength, namely 445-450 mu. 


tem 


1 


log E 





400 500 


Wavelength (my.) 


300 


Fig. 1. The complete absorption spectrum of freshly 
extracted insectorubin. ——-—, reduced form in acid 
ethanol (ethanol containing 1% cone. HCl (v/v)); 
—-+—-, oxidized form in acid ethanol; , in N-NaOH. 





If insectorubin is extracted with dilute alkali a yellow 
solution with a pale-green fluorescence in ultraviolet light is 
obtained. On acidification (e.g. N-HCl) the yellow solution 
first turns red and then at about pH 2 throws out a wine-red 
flocculent precipitate. 

Isolation of insectorubin. Insectorubin was obtained in its 
reduced form as a dark-red amorphous powder in two ways. 
In the first process the wine-red acid-ethanol solution (1 1.) 
was diluted with 500 ml. of water, and 0-5 g. of Na,S,O, and 
50 ml. of N-HCl added. The resulting solution was extracted 


—_ Very flat, between _— 
400 and 500 


with amy] alcohol, and the combined extract washed many 
times with successive small quantities of distilled water 
until the washings were free from Cl-; a small amount of 
oxidized insectorubin was formed during the process and was 
lost owing to its extraction by water. The washed amyl 
alcohol extract was dried over anhydrous Na,SO, and the 
bulk of amy] alcohol removed in vacuo, the last traces being 
removed in a stream of N,. The reddish brown amorphous 
product (solid A) was washed with ether and dried in a 
desiccator over CaCl,. 


1% 
Et em 





500 
Wavelength (my.) 


Fig. 2. The visible absorption spectrum of freshly extracted 
insectorubin in acid ethanol (ethanol containing 1 % cone. 
HCl (v/v)). ----, reduced form; ---, oxidized form; 

, as extracted; a mixture consisting mainly of reduced 

insectorubin. 





In the second method the acid-ethanol extract was com- 
pletely reduced with either Na,S,0, or with SO, and made 
just acid to congo red paper by the addition of a saturated 
solution of sodium acetate. After standing overnight at 
room temperature, the precipitated NaCl was filtered off and 
the filtrate concentrated under reduced pressure under N, ; 
when almost all the ethanol had been removed the solution 
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was cooled and the pigment precipitated as red flocks to- 
gether with a certain amount of inorganic salts. The precipi- 
tate was washed with the minimum amount of hot water to 
remove the inorganic salts. A portion of the wet precipitate 
(solid B) was examined at this stage, but the major portion 
was dissolved in hot methanol, filtered, and the methanol 
then removed in vacuo to yield a reddish brown powder 
(solid C) which was dried and stored in a desiccator. All 
attempts at crystallization failed. 

The dry solids A and C were identical and will not be dealt 
with separately ; the wet precipitate (B), however, differed in 
certain important respects from the dry solids, chiefly in 
solubility and absorption spectra. If the newly prepared 
solid B is shaken with acid ethanol about 90-95 % dissolves; 
if this solution is taken to dryness and the process repeated, 
again only about 95% dissolves. If such an experiment is 
carried out with the dried material an even greater portion 
fails to redissolve. Further, the absorption spectrum of the 
material which is soluble in acid ethanol is different from that 


50 


20 





425 
Wavelength (my.) 


450 475 500 


Fig. 3. The absorption spectrum of isolated aged insecto- 
rubin in acid ethanol (ethanol containing 1% cone. HCl 
(v/v)). (Compare Fig. 2.) —-—-, reduced form; -——--, 
oxidized form. 


of freshly extracted insectorubin (Fig. 3). All bands become 
very much less defined and the spectrum recalls that of 
melanin (Mason, 1948). Thus insectorubin in the solid state 
undergoes an irreversible change which occurs more quickly 
when the pigment is dry. Further evidence that insecto- 
rubin changes in the solid state is provided by observing the 
different spectra produced when solids A and B are dissolved 
in cone. H,SO, (Fig. 4). B shows two bands in the visible 
Mmax, 504 and 442 my., whilst A shows only a broad in- 
flexion between 400 and 500 my. The difference is apparent 
tothe naked eye. Sample B gives an immediate violet colour, 
which quickly turns red, whilst the dried specimens (samples 
A and C) gave a brown colour with a slight reddish tinge. The 
spectrum of the fresh material in H,SO, undergoes interesting 
changes on altering the concentration of the H,SO,; on 
diluting the solution to a concentration of 40% (w/v) with 
respect to H,SO, the solution becomes dark brownish red and 
the band at 442 mp. becomes much less well defined; on 
further dilution (20% (w/v) H,SO,) the solution becomes 
orange and the major band is at 474 my. with a slight in- 
flexion at 400 my. (Fig. 4). When dialysed against water, 
insectorubin passes through cellophan; as the pigment 
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dialyses it is oxidized by the O, in the water so that the colour 
of the dialysate is orange-yellow. In most experiments the 
smallamounts of insoluble pink-red material which remained 
in the bag had properties characteristic of the insoluble 
isolated solid. 

Chromatographic behaviour of insectorubin. The pigment 
could not be effectively adsorbed on Al,O,, but tale was 
found to be a suitable adsorbent. A tale column (40-50 cm.) 
was repeatedly washed with acid ethanol until the filtrate 
was colourless. If the acid-ethanol extract of the pigment was 
then poured on this column and the chromatogram developed 
with acid ethanol, two zones appeared, the upper zone being 
narrow and orange and the lower zone wide and purple. 
Even after prolonged development with acid ethanol no 
further separation occurred. The pigments were extracted 
from the two zones with either ethylene glycol or with 
0-1 N-NaOH and were shown by absorption spectra and redox 
properties to be oxidized and reduced insectorubin. The 
combined acid ethanol filtrates were found to contain a 





400 500 


Wavelength (mp.) 


300 


) 
220 


Fig. 4. The absorption spectrum of insectorubin in H,SO,. 
, fresh sample in conc. H,SO, ; —- -—- -, aged sample in 
conc. H,SO,; — — —, fresh sample in 40% (w/v) H,SO, ; 
—-—-, fresh sample in 20 % (w/v) H,SO,. 





minute trace of a yellow material which had no characteristic 
absorption spectrum and was discarded. Because of this 
demonstration of the essential homogeneity of the insecto- 
rubin extract, chromatography, which in this case is long and 
tedious, was not resorted to in the isolation of the pigment. 


RESULTS 


Properties of insectorubin 
The chief characteristic of insectorubin is, apart 
from its redox properties, its failure to react with 
usual chemical reagents. It has been shown not to 
contain a phenolic hydroxyl group, a free amino 
group, an indole residue, a purine residue; it con- 
tains no free «-position in a pyrrole residue nor is it 
a bilirubinoid or a dipyrrylmethene. Attempts to 
prepare by the usual procedures methyl, acetyl and 
benzoyl derivatives, failed. On fusion with solid 
potassium hydroxide, ammonia was readily liber- 
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ated, and after some water had distilled over, a pale- 
yellow oil was obtained at 112°/760 mm.; no other 
fractions were obtained. The yellow oil, which was 
only obtained in small amounts, gave a positive pine 
splint test, an absorption spectrum (A,,,,,, 260 mp. 
in n-hexane; 258 muy. in ethanol, and 315 muy. in 
cone. H,SO,) characteristic of pyrrole and an 
Ehrlich aldehyde reaction very similar to pyrrole 
but different from indole (Fig. 5). This latter test 





400 450 500 550 600 
Wavelength (my.) 


Fig. 5. The absorption spectrum of the colour produced 
immediately with indole, pyrrole, and the base (probably 
N-methylpyrrole) isolated from insectorubin, by Ehrlich’s 
diazo reagent. —---, pyrrole; , indole; ---, 
isolated base (probably N-methylpyrrole). 





cannot, however, be taken as unequivocal proof of 
the existence of a pyrrole residue in the yellow oil, 
because, through the kindness of Dr R. J. Beer, we 
were able to examine the reaction of a number of 
indole and pyrrole derivatives with Ehrlich aldehyde 
reagent. As these have not previously been examined 
the maxima of the bands produced are recorded in 
Table 2. It will be seen that some indole derivatives 


Table 2. 2,,,,. of the colour produced by various 
pyrrole and indole derivatives with Ehrlich’s alde- 
hyde reagent 


(Some colours change slightly on standing.) 


Compound 
Indole 566 
5-Methylindole 568 
3-Acetoxyindole 570 
5:6- Diacetyl-2-methylindole 546 
5-Hydroxy-2-methylindole 540 
7-Methylindole 497 
Pyrrole 544 
4-Acetyl-3-methyl-5-phenylpyrrole 544 
Yellow oil obtained from insectorubin 544 


(? N-methylpyrrole) 


exhibit bands with maxima near to those of pyrrole 
and its derivates. These compounds can, however, be 
clearly distinguished from pyrrole compounds by 
their direct ultraviolet absorption spectra (Srisukh, 
1950). 
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It is also important to note that the red colour 
produced by the yellow oil is stable to heat, whilst 
the colours produced by indole and pyrrole change 
on warming to a purplish blue. On treatment with 
mercuric chloride the yellow oil yielded a crystalline 
compound which melted at 126—130°. This, together 
with the other available evidence cited above, indi- 
cates that the yellow oil is quite likely N-methy]l- 
pyrrole; Fischer & Orth (1937) state that this com- 
pound boils at 114-115° (749 mm. Hg) and forms a 
double compound with mercuric chloride melting at 
120-130°. 

When solid insectorubin was distilled with zine 
dust, two volatile fractions were collected; the first 
was a colourless oil which distilled over at 86°/ 
760 mm. and the second a pale-yellow oil boiling at 
113°/760 mm. The latter possessed properties in- 
distinguishable from those of the yellow oil just 
described. The colourless oil was insoluble in water 
and ether but soluble in other usual organic solvents, 
gave positive pine splint and Ehrlich (A,,,,. 520 my.) 
tests and a typical pyrrole spectrum (A,,,,. 272 mu. 
in ethanol). Its boiling point suggested that it might 
be either haemopyrrole or cryptopyrrole; owing to 
its insolubility in ether the latter is ruled out and 
thus the limited evidence available points to its 
being haemopyrrole. 


The reddish brown pigment of locust eyes 


A large number of locust eyes, which are brown, 
were first extracted with acetone to remove caro- 
tenoids and then with water and ethanol, which 
removed two further pigment fractions (to be dealt 
with in a later communication). The wine-red 
residue was treated with cold acid methanol and the 
resultant extract examined in the same way as the 
integument extracts. A single brown pigment was 
isolated in small amounts which was indistinguish- 
able from the redox pigment of the integument. 


The brown pigment in the eyes of Drosophila 
melanogaster (wild type) and Ephestia kiihniella 


Eyes of these two insects were treated in the same 
way as locust extracts. The acid-methanol soluble 
pigment was, in each case, indistinguishable from 
the locust pigment. 


The pinkish purple pigment of Locusta 
infected with Plistophora 


When Locusta are infected with the protozoan 
Plistophora, small but intense pinkish purple spots 
appear on the integument and in the subcutaneous 
tissues. The pink regions of a number of infected 
Locusta were examined after carefully removing the 
surrounding tissues. All tests indicated that the 
pigment responsible for the pink spots was insecto- 
rubin. 
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The pigment in the pink faeces of locusts 


Normal locust droppings are darkish green to 
black in colour, but on starving the insects, these 
turn pink. The pink faeces were examined in the 
usual way and found to contain insectorubin. Up to 
the moment it has not been found possible to 
demonstrate the presence of insectorubin in normal 
faeces; it certainly does not occur in amounts com- 
parable with those found in pink faeces, but it may be 
present in very small amounts which would be 
difficult to detect in the presence of relatively large 
amounts of chlorophyll degradation products. 


DISCUSSION 


It has already been pointed out in the introduction 
that all the insect redox pigments so far examined 
are, as far as can be ascertained at present, in- 
distinguishable and that the name insectorubin is 
suggested for this widespread pigment. Becker 
(1939) who, apart from the present investigators, is 
the only worker to have isolated the pigment, made 
two observations which need consideration. In the 
first place he considered that a number of pigments 
(ommochromes) occur which can be divided into 
ommatins and ommins according to their molecular 
size. This differentiation is based on the following 
changes in properties; ommins appear to be more 
stable in alkali, reduce rather more slowly, and with 
concentrated sulphuric acid give a brown rather 
than a violet colour. The present work shows that 
these variations in properties can be observed merely 
if an extract—or more quickly a solid specimen—of 
insectorubin is allowed to age; insectorubin behaves 
as an ommatin when freshly extracted and gradually 
changes into an ommin on standing. Thus it appears 
that this differentiation is spurious and that 
Becker’s ommins are artifacts. This interpretation is 
confirmed when it is considered that during the 
present work it was found that acid-methanol 
extracts of Drosophila and Ephestia eyes were in- 
distinguishable, although Becker considers the pig- 
ment from Drosophila to be a typical ommatin 
(phaeommatin) and that from Ephestia a typical 
ommin (skotommin). 

Secondly, Becker claimed that ommochromes 
could be benzoylated ; we could not confirm this and 
it appears, in fact, that Becker obtained very little 
evidence for benzoylation. He dissolved the pigment 
in 2Nn-sodium carbonate, shook with benzoyl 
chloride, acidified and extracted with butanol; the 
butanol extracted a ‘violet ester’ which was not 
examined further. It seems highly likely that 


Becker extracted the unchanged pigment into 
butanol, for we have found that in butanol and amyl 
alcohol insectorubin is bright reddish violet. 

When the locust pigment is specifically con- 


INSECTORUBIN 


553 


sidered, there appears no doubt that Chauvin’s 
(1941, 1944) claim that insectorubin is an antho- 
cyanin cannot be accepted. He further noted that 
his extracts of insectorubin gave positive reactions 
with Fehling’s, Millon’s and Van den Berg’s reagents 
and with ferric chloride. The present work indicates 
that these reactions are not given by purified insecto- 
rubin. When extracting his locusts, Chauvin omitted 
a preliminary extraction with aqueous ethanol 
which removes the dihydric phenol derivatives; thus 
his extracts were always contaminated with these 
substances which would respond to the above- 
mentioned tests. It is extremely likely that some of 
the extracts of insectorubin which Okay (1948) 
prepared from a number of insect species were also 
contaminated in this way. 

As previously mentioned, isolated insectorubin 
undergoes rapid transformation into an intractable 
amorphous brown powder which could not be 
crystallized and from which no crystalline derivatives 
could be obtained. From restricted degradation 
experiments two substances were obtained which, 
although not unequivocally identified, appear to be 
N-methylpyrrole and haemopyrrole. These results 
suggest that insectorubin is a member of the pyrrole 
group of pigments, but it is quite evident that it is 
not a characteristic bilirubinoid, dipyrrylmethene or 
haem. 

The possible presence of an N-methylpyrrole in 
insectorubin is interesting in that it could account 
for the characteristic spectral changes on oxidation 
and reduction. On reduction the absorption maxi- 
mum shifts to longer wavelengths, namely from 
445 to 490 my.; analogous shifts on reduction have 
as yet only been noted with quaternary compounds 
such as coenzymes I and 1 and nicotinamide meth- 
iodide (Karrer & Benz, 1936). It appears that trypto- 
phan is a precursor of insectorubin in Drosophila and 
Ephestia, intermediates being «-hydroxy-trypto- 
phan and kynurenine (see, for example, Beadle, 
1945). This indicates that it is not impossible for 
insectorubin to contain a N-methylpyrrole residue 
for in vertebrates tryptophan can probably be con- 
verted into N-methylnicotinamide (but see, for 
example, Ellinger & Abdel Kader, 1949). It remains 
to be seen whether tryptophan is the only precursor 
of insectorubin for there is some evidence that in 
producing their green pigments some insects can 
utilize the pyrrole residues of chlorophyll (Metcalf, 
1945) and, in the case of vertebrates, it is now well 
established that glycine is a precursor of haem (see, 
for example, Bentley, 1949). 


SUMMARY 


1. The redox pigments occurring in the eyes and 
integument of the desert locust (Schistocerca gregaria 
Forsk.) and the African migratory locust (Locusta 
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migratoria migratorioides R. & F.) and in the eyes of 
Drosophila melanogaster (wild) and Ephestia kiihniella 
have been investigated. 

2. The pigments cannot be distinguished from 
each other. As the redox pigments reported in other 
insects also appear indistinguishable from our pig- 
ment, it is proposed that this widespread insect 
pigment be termed insectorubin. 

3. Insectorubin has been isolated as a reddish- 
brown powder which quickly changes into an in- 
tractable dark-brown powder, reminiscent of mela- 
nin; its properties have been fully recorded. 

4. It is extremely resistant to normal methods of 
chemical attack, but it has yielded two pyrrole 
derivates. These have not been unequivocally 
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identified but appear to be N-methylpyrrole and 
haemopyrrole. 

5. Insectorubin is the pigment responsible for the 
colour of the pink faeces produced by starved locusts 
and of the pink patches in the subcutaneous tissue 
and integument of Locusta infected with Plistophora. 

6. Spectral data on the colours produced by a 
number of indole and pyrrole derivatives with 
Ehrlich’s diazo reagent are recorded. 


We are grateful to the Anti-Locust Research Centre for 
supplying material and for financially assisting this investiga- 
tion; to Dr R. J. Beer for samples of pyrrole and indole 
derivatives; to Prof. C. Rimington for a helpful discussion; 
and to Prof. R. A. Morton, F.R.S., for advice and encourage- 
ment at all times. 
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4. INSECTORUBIN METABOLISM IN THE DESERT LOCUST (SCHISTOCERCA 
GREGARIA FORSK.) AND THE AFRICAN MIGRATORY LOCUST 


The major pigment components of locusts are 
melanin (Chauvin, 1941), the carotenoids B-carotene 
and astaxanthin (Goodwin & Srisukh, 1948, 1949), 
and a redox pigment, insectorubin (Goodwin & 
Srisukh, 19506). Before the general distribution of 
insectorubin in insects was appreciated Chauvin 
(1941) had termed this pigment acridioxanthin and, 
occasionally, acridioerythrin. 

As solitary and gregarious locusts are character- 
ized by marked colour differences (see, for example, 
Uvarov, 1947) it was obviously important, in in- 
vestigations designed to throw light on the problem 
of swarming, to consider pigment metabolism in 


(LOCUSTA MIGRATORIA MIGRATORIOIDES R. AND F.) 
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solitary and gregarious locusts under different con- 
ditions. Such an investigation concerning the caro- 
tenoids has already been described (Goodwin, 1949) 
and the present report deals with insectorubin. 
This pigment is a pyrrole derivative of undeter- 
mined structure which has not yet been obtained 
crystalline owing to the rapidity with which, in the 
solid state, it polymerizes into an amorphous powder, 
reminiscent in some ways of a melanin (Goodwin & 
Srisukh, 19506). It can, however, be satisfactorily 
characterized spectroscopically for, when fresh, it 
exhibits a characteristic spectrum according to 
whether it is in its reduced or oxidized form. 
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Insects. The methods of breeding the locusts, their dissec- 
tion, and the removal of carotenoids have been previously 
described (Goodwin, 1949). The head and pronotum, body, 
legs, and (in adults) wings were examined separately. 

Extraction of pigment. The tissue was ground finely with 
silver sand (acid-washed) and extracted with acetone to 
remove carotenoids; the carotenoid-free residue was then 
extracted with successive portions of cold ethanol containing 
1% (v/v) of cone. HCl until the final extract was colourless; 
four extractions were generally sufficient. If the residue was 
then further extracted with methanol containing 1 % (v/v) 
of conc. HCl a further amount of insectorubin was extracted. 

It should be noted that if, between extracting the insect 
tissues with acetone and acid ethanol, an extraction with 
80% (v/v) aqueous ethanol is interpolated, a very small 
amount of a yellow pigment is obtained (Goodwin & Srisukh, 
19506). If this extraction is omitted, the pigment is ex- 
tracted along with insectorubin by acid ethanol. As the 
amount of yellow pigment present never contributes more 
than 1-2 % to the total absorption at 495 muy. of the acid 
methanol fraction, it was not thought necessary to separate 
it from insectorubin in the routine examination of the tissues 
for this pigment. 


Wt. of 
part of insect 
(g-) 
Body 0-248 
Head and pronotum 0-105 
Legs 0-115 
Wings 0-021 
Total 0-489 


1 cm. 


Weighted mean Ej %, = 


Insectorubin is a redox pigment, being orange-yellow 
when oxidized and wine-red when reduced; as it was of 
obvious importance to determine the amounts of the two 
forms occurring naturally, the solvents used for extraction 
had to be without any oxidizing action on the pigment. It 
was found that reduced insectorubin was oxidized by ethanol 
and, to a much greater extent, by methanol unless these 
solvents were purified; purification was carried out by re- 
fluxing with Zn dust and solid KOH for 3 hr. followed by 
distillation. The solvents remained sufficiently pure for a 
number of weeks if kept in a tightly corked bottle in the ice 
chest. Reduced insectorubin dissolved in such purified 
solvents is stable for several hours. 

The spectrographic determination of the amounts of reduced 
and oxidized insectorubin in a mixture of the two. For the 
purpose of determining the amounts of the two forms present 
in acid-methanol or acid-ethanol extracts a spectrographic 
method was devised based on that of Goodwin & Morton 
(1946) for determining tyrosine and tryptophan in proteins. 
Reduced and oxidized insectorubin have an isosbestic point 
at 495 my. (Goodwin & Srisukh, 1950), i.e. the extinction of 
a solution at this wavelength gives directly a measure of the 
amount of insectorubin present irrespective of its degree of 
oxidation or reduction. At any other wavelength, however, 
the extinction will vary according to the’constitution of the 
mixture. Examination of a large number of samples has 
shown that, on a scale such that the extinction EZ at 495 my. 
is unity, the extinctions at 450 my. for completely oxidized 


2(H EG, wt.) _0-1038 _ 
S(wt.) 0-489 
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and completely reduced solutions of insectorubin are 1-76 and 
0-90, respectively. Using these values, the amounts of 
reduced and oxidized insectorubin in mixtures of the two can 
be calculated in the following manner: 

Let x be the observed ratio H 450 my./E 496 my. Then the 
percentage of oxidized insectorubin in the sample is given by 
100(x — 0-9)/(1-76 —0-9). 

Quantitative determination of insectorubin distribution in 
locusts. By measuring the E 495 muy. value of the insecto- 
rubin extracts, H}%, 495 mp. values could be determined 
with reference tothefresh weight of tissue. As accurate E} 22, 
values are not available for pure insectorubin, owing to its 
rapid change in spectrum after isolation in the solid state 
(Goodwin & Srisukh, 1950 5) the relative amounts of insecto- 
rubin present in various tissues were obtained by multiplying 
the appropriate EH} 2, values(ameasure of concentration) by 
the weight of the tissue. As this procedure normally pro- 
duced unwieldy decimal values these were multiplied by 10° 
for simplicity of presentation. As E}%, values were most 
often determined for different parts of the insects, a weighted 


mean E}%, value was calculated for the whole insect, and 
from this the relative amount of pigment in the whole insect. 
A similar method was used when carotenoid metabolism in 
locusts was investigated (Goodwin, 1949), but an example 


will make the calculation clear: 


EX ca, EtG, x wt. x 10° 
(conen.) (amount) 

0-191 47:3 

0-287 30-1 

0-188 21-6 

0-230 4:8 


_— 103-8 (=amount/insect) 


0-212. 


RESULTS 


As stated above, extraction with acid ethanol does 
not remove all the insectorubin from locust tissues, 
for a further fraction can be obtained if the residue 
is treated with acid methanol. Table 1 indicates 


Table 1. The percentage of the Locusta insectorubin 
which is extractable only by methanol containing 1% 
(v/v) of concentrated hydrochloric acid 


No. of batches 


Stage examined Percentage 
Ist unfed 1 40-5 
2nd fed 1 37-0 
3rd fed 3 41-5 
4th fed 1 41-9 
5th fed 30 32-2 
Immature adult, M 3 38-8 
Immature adult, F 1 37°8 
Mature adult, M + 44-2 
Mature adult, F 10 35-6 
Weighted mean —- 36-9 


relative amounts of these two fractions in Locusta at 
various stages of development. It will be seen that 
throughout life the relative amounts remain con- 
stant, the acid-methanol fraction representing on the 
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average 37% of the total insectorubin present. 
Similar results were obtained with Schistocerca, and 
are not reported in detail here; the mean percentage 
of insectorubin extracted by acid methanol in this 
species was 40-5. 

Distribution of insectorubin during locust develop- 
ment. A considerable amount of information has 
been accumulated and analysed, but only summariz- 
ing Tables are presented in this report. The presenta- 
tion may be simplified in this way because it was 
found that there were no significant differences in the 
concentration of insectorubin in different parts of 
locusts ; the relative amounts of pigments in the parts 
merely reflecting their relative weights. Therefore in 
the Tables only the data calculated for whole insects 
have been included. 

It should be noted that in the Tables which follow 
the amounts and concentrations of insectorubin 
recorded refer only to the portion of the pigment 
soluble in acid ethanol; these values, however, bear 
a constant ratio to the total amount of pigment 
present at any developmental stage (see above), so 
that they can be taken as a measure of develop- 
mental variation in total insectorubin production. 
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In Tables 2 and 3 are shown mean values for both 
the concentration and amount of insectorubin in 
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Fig. 1. The variations in the concentration and amount of 
insectorubin in the developing locust (data for Schistocerca 
and Locusta combined). The vertical lines indicate the 
standard deviation of the results. 


gregarious Locusta and Schistocerca. It will be seen 
that insectorubin exists in the newly hatched, unfed 
hoppers at a concentration which remains practically 


Table 2. The concentration and the amount of acid-ethanol-soluble insectorubin in developing gregarious Locusta 


No. of No. of 
insects batches Amountt/ 
Stage examined examined £}%, 495 mp.* insect 
Ist unfed 143 3 0-106 1-7 
Ist fed 307 + 0-122 1-7 
2nd fed 100 3 0-082 3-1 
3rd fed 69 + 0-115 8-8 
4th fed 38 A 0-091 15-9 
5th fed 42 ll 0-113 69 
immature M 23 9 0-075 80-0 
Immature F 32 11 0-063 71-1 
Mature M 39 11 0-039 42-5 
Mature F 21 12 0-053 91-8 
Immature F (velvety-blue) 4 4 0-077 61-8 
Locusta infected with Plistophora 
Mature M (heavily infected) 4 2 0-032 48-9 
Mature F (heavily infected) 5 5 0-032 87-9 
Mature F (lightly infected) 2 2 0-047 115 


* £1% values used as measures of concentration. 


cm. 


+ See text for method of calculating amounts. 


Table 3. The concentration and amount of acid-ethanol-soluble insectorubin in developing gregarious Schistocerca 


No. of No. of 
insects batches 
Stage examined examined £}%, 495myp.* Amountt/insect 

Ist unfed 56 2 0-082 15 
Ist fed 154 3 0-082 1-9 
2nd fed 29 2 0-139 7-2 
3rd fed 44 4 0-117 14 
4th fed 22 3 0-111 29 
5th fed 12 2 0-079 53°8 
Immature M 12 5 0-090 104 
Immature F ll 5 0-114 138 
Mature M 9 6 0-067 91 
Mature F 6 4 0-061 134 


* Ei%, values are taken as measures of concentration. 


+ See text for calculation of amount. 
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constant throughout the five hopper instars; in the 
immature adults there is a marked tendency for the 
concentration to fall and in the sexually mature 
insects this becomes much more pronounced. These 
changes are very much the same in the two species so 
that data are combined in Fig. 1 which emphasizes 
the changes and also shows the variations in the 
amount of insectorubin produced during the develop- 
ment of the insects. 

It will also be noted from Table 2 that the very 
dark velvety-blue gregarious Locusta, which are 
oceasionally encountered, have normal insecto- 
rubin contents although their carotenoid metabolism 
is unique (Goodwin, 1949). Infection with the proto- 
zoan Plistophora has also no effect on the insecto- 
rubin although carotenoid metabolism was deranged 
(Goodwin, 1949). It is also to be noted that between 
the sexes no differential insectorubin distribution is 
apparent. 

Insectorubin in the dorsal and ventral regions of 
Locusta. The gregarious Locusta hoppers can be 
divided quite sharply into two colour regions; the 
dorsal region, which is black, and the ventral region 
which is orange-brown. Although the extraction of 
insectorubin does not alter the external colour of 
these regions to any marked extent, it was con- 
sidered important to know whether the pigment 
accumulated in the darker region. It will be seen 
from Table 4 that insectorubin does accumulate in 
the dorsal regions not only of the gregarious hoppers 
and adults but also of solitary hoppers which are 
bright green dorsally and light greyish green ven- 
trally (see below). Owing to the different weights of 
the dorsal and ventral samples, however, the amount 
of pigment present is approximately the same in both 
regions. 
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Insectorubin production in the developing locust egg. 
Pigment production has been followed during the 
embryonic development of both Locusta and 
Schistocerca. The results obtained were very similar 
for both species and the combined data have been 
incorporated into Fig. 2, which shows clearly that the 
pigment is produced during the incubation period. 
The relative amounts of insectorubin per egg were 
calculated from the expression E x v x 10°/p, where 
E is the extinction at 495 my. of a uml. acid- 
ethanolic extract of p eggs. 


70 
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oo 
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¢ 40 
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emerging 


Fig. 2. The production of insectorubin in the 
developing locust egg. 


Effect of temperature on insectorubin production. 
The amounts of insectorubin produced at various 
stages by Schistocerca reared at different temper- 
atures are recorded in Table 5. It is clearly demon- 
strated that pigment production is increased at low 
temperatures and diminished at high temperatures. 
Increasing the breeding temperature from its usual 


Table 4. Insectorubin distribution in dorsal and ventral regions of 5th instar Locusta 


Dorsal region 


ah. 


Ventral region 





a 
Acid-ethanolic 


‘Y 
Acid-methanolic 


= e 
Acid-ethanolic Acid-methanolic 








fraction fraction fraction fraction 
No. c Po ‘ c ten \ t: z ‘ c : ‘ 
Phase examined Et%, Amount £#}%, Amount Ei%, Amount £}%, Amount 
Gregarious 2 0-147 32 — — 0-072 35 0-028 13 
2 0-089 22 — _ 0-044 22 —: _- 
2 0-099 18 0-046 8 0-041 17 0-028 11 
Solitary (green) 2 0-175 15 0-084 7 0-107 21 0-044 9 


Table 5. The effect of breeding temperature on 


the production of insectorubin in Schistocerca 








Temperature 
c a mars 5 oe 
28° 35° 40° 28° day, 40° night 
c a ad we on ag en ‘ ~ 
No. ex- Amount/ No. ex- Amount/ No. ex- Amount/ No. ex- Amount/ 
Instar amined F}%, insect amined F£}%, imsect amined H}%, insect amined H}%, insect 
Ist fed 1 0-133 2-6 2 0-082 1-5 1 0-073 0-8 — —- -- 
5th fed 4 0-325 503 2 0-079 54 4 0-015 9-75 2 0-055 30-4 
Immature adult 11 0-418 495 10 0-059 122 2 0-011 10 2 0-018 37 
Mature adult — — — 10 0-052. «110 2 0-018 29 “— _ -- 
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value of 35° to 40° almost completely prevents in- 
sectorubin synthesis and produces a very pale in- 
sect; conversely lowering of the breeding temper- 
ature causes a threefold increase in pigment pro- 
duction and the locusts are very black. When insects 
are kept partly at 28° (day) and partly at 40° (night) 
the two effects tend to balance each other out. 
Similar experiments carried out on a smaller scale 
with Locusta gave identical results and are not re- 
ported in detail here. 

Relative amounts of oxidized and reduced insecto- 
rubin in developing locusts. The percentage of each 
form present was determined in a number of locusts 
at every stage of development according to the 
method outlined above. Results obtained using both 
Schistocerca and Locusta were not significantly 
different and are combined in Table 6. It will be 
seen that on the average 14-5% of the extracted 
pigment was in the oxidized form; no significant 
differences in the percentage of oxidized form in the 
various stages could be demonstrated. 


Table 6. The percentage of oxidized insectorubin in 
developing locusts 


No. of batches Oxidized pigment 


Stage examined %) 

] 3 23-4 
2 4 26-8 
3 7 11-5 
4 3 4:3 
5 3 14-7 
Immature adult, M 8 6-9 
Immature adult, F 13 11-0 
Mature adult, M 10 19-4 
Mature adult, F 11 22-2 
145 


Mean (%) —_ 


Excretion of insectorubin in exuviae. In passing 
from one instar to the next, locusts, in common with 
most insects, cast off their skins. These moults 
(exuviae) have been examined for insectorubin. It 
has been found that the pigment exists in the 
exuviae at a concentration about 40 % of that in the 
insect which shed them. Owing to the small weights 
of the exuviae, however, they only deplete the hopper 
to the extent of about 5% of its pigment. The 
exuviae of buff solitary Locusta have been examined 
in some detail and the results obtained are collected 
in Table 7. 
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During moulting, locusts undergo typical colour 
changes; at the moment of moulting the insect is 
quite pale in colour and only darkens after about 
lhr.; it was thought that changes in insectorubin, 
possibly consistent with its transformation into 
melanin, might be observed. Accordingly, a number 
of similarly reared Locusta fourth instar hoppers 
were examined during ecdysis. The results (Table 8) 
show that no significant differences were apparent in 
the insectorubin content just before, during, and 
just after ecdysis. 


Table 8. The insectorubin content of Locusta at 
different periods during the 4th—5th instar moult 


(Five insects examined at each stage.) 


Amount of 
insectorubin/ 
Stage of moult Ets, locust 
A lst sign that moulting is 0-088 19-3 
imminent—wagging of 
abdomen 
B Skin split along middorsal 0-063 16-4 
line 
C Hoppers completely out of 0-071 15-3 
old skins, but still light- 
coloured and very soft 
D Hoppers out of old skin and 0-077 16-9 


with normal coloration (i.e. 
about | hr. after C) 


Insectorubin in solitary locusts. Solitary locusts 
can be roughly divided into two types according to 
whether they are predominantly buff or predomi- 
nantly green. The insectorubin content of fifth instar 
Locusta specimens of these types are recorded in 
Table 9; also recorded are the values obtained for a 
group of fifth instar gregarious hoppers reared at the 
same time and of members of this group which were 
converted into green solitaries by isolating them at 
the third and fourth instar, respectively. It will be 
seen that very little difference is apparent in the 
insectorubin content of gregarious or solitary 
hoppers when produced under the same conditions; 
further, as might be expected, no differences were 
found in newly hatched Locusta bred from solitary 
and gregarious parents respectively. 

Schistocerca solitaries differ from Locusta soli- 
taries in one important respect. It was found that the 


Table 7. Distribution of insectorubin in locust exuviae 


Wt. ofone moult No. of moults Amount/ 
Type Stage (g.) examined Ete, moult 
Locusta solitary Ist—2nd 0-000589 46 0-216 0-116 
2nd—>3rd 0-00139 38 0-0858 0-119 
3rd—4th 0-00281 30 0-0447 0-126 
4th—5th 0-00461 44 0-0444 0-205 
5th—adult 0-0205 24 0-0598 1-07 
Locusta gregarious Mixed 0-0200 — 0-0470 _— 
Schistocerca gregarious Mixed 0-0247 _— 0-0413 _— 
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Table 9. Insectorubin content of solitary Locusta 


Vol. 47 
No. 
Material examined 
Ist instar. Progeny of gregarious insects 143 
Ist instar. Progeny of solitary insects 16 
5th instar. Typical gregarious insects + 
5th instar. Solitaries (colours varying 5 
from buff—grey—>green) 
5th instar. Green crowded until 4th 5 
instar then isolated 
5th instar. Green crowded until 3rd 5 
instar then isolated 
5th instar. Solitary buff—grey 2 


green type contains little or no insectorubin, the 
little that is present being apparently located in the 
eyes; buff Schistocerca solitaries contain normal 
amounts of insectorubin, e.g. the mean values for a 
number of solitary fifth stage buffs were Ej 2, 0-102 
and amount 90. 


DISCUSSION 


According to Chauvin (1941) insectorubin (acridi- 
oxanthin) is an anthocyanin plant pigment, which is 
absorbed by locusts and stored mainly in the integu- 
ment. This view is now known to be mistaken; 
insectorubin is a pyrrole derivative typical of insects 
(Goodwin & Srisukh, 19506) which in the case of 
Drosophila and Ephestia can be synthesized from 
tryptophan via «-hydroxytryptophan and kynure- 
nine (see, for example, Beadle, 1945). From the 
results shown in Fig. 2 there can be no doubt that 
insectorubin can be synthesized from some colourless 
precursor in the developing locust egg and that an 
external source of the pigment is not necessary. The 
precursor of insectorubin in locusts has not yet been 
determined, but it should be borne in mind that 
compounds other than tryptophan (e.g. pyrrole 
residues from chlorophyll or glycine) may also be 
precursors. Further evidence indicating that in- 
sectorubin is an endogenous pigment comes from the 
fact that, in spite of Chauvin’s assertion to the con- 
trary, all attempts in this laboratory to detect it in 
green plants have failed. 

Dealing only with Schistocerca, Chauvin (1941) 
outlined the following insectorubin cycle: the small 
amounts of insectorubin present at birth increases 
progressively as food is eaten until the beginning of 
the adult stage when insectorubin is excreted and no 
further pigment is laid down; at sexual maturity the 
locusts possess very little pigment, for the hypo- 
dermal cells alter (histologically) and become in- 
capable of fixing new ‘anthocyanin’ or retaining 
that which they already possess; the pigment is 
excreted in its reduced form during adult life. No 
quantitative data are presented to support these 
views. Although Chauvin used only Schistocerca our 


Acid-ethanol-soluble Acid-methanol-soluble 


fraction fraction 
—_—_————— 
Et&, Amount EXYe, Amount 
0-106 1-7 — wi 
0-114 2-0 isin ie 
0-156 95 0-088 45 
0-165 110 0-069 J 
0-167 103 0-071 37 
0-147 92 0-069 45 
0-144 99 0-057 40 


experience indicates that gregarious Schistocerca and 
Locusta are identical as regards insectorubin meta- 
bolism, and in discussing the insectorubin cycle our 
comments can apply equally to both species. 

The results obtained during the present investiga- 
tion (Tables 2 and 3; Fig. 1) demonstrate the gradual 
increase in insectorubin during successive instars 
and thus confirm part of Chauvin’s statement. It 
should be noted that the increase in total quantity 
follows a typical growth curve because the con- 
centration of the pigment does not alter during 
hopper life. The results obtained after adult emerg- 
ence indicate that the second part of Chauvin’s 
statement is inexact in detail. No further pigment is 
laid down after emergence, but sexually mature in- 
sects still contain appreciable amounts. A decrease 
in concentration does, however, occur after emerg- 
ence, but this is mainly owing to the increased size of 
mature insects, the net result being that the amount 
of pigment remains practically constant during 
adult life. With regard to excretion of insectorubin 
during adult life, it has not been possible to demon- 
strate its presence in normal faeces although it is 
present in the pink faeces which are sometimes 
excreted (Goodwin & Srisukh, 19506). These pink 
faeces are, however, only produced during starva- 
tion, but the occurrence of insectorubin in them does 
indicate that locusts possess a mechanism by which 
they can excrete the pigment. 

The marked change in insectorubin metabolism at 
adult emergence, which is rather similar to that of 
astaxanthin (Goodwin, 1949) can best be accounted 
for in one of two ways: (a) synthesis continues at a 
reduced rate so that it only just balances the physio- 
logical destruction or utilization of the pigment, or 
(b) synthesis continues at the pre-emergence level, 
but rate of destruction or utilization is increased; it 
seems unlikely that synthesis abruptly ceases, be- 
cause if so one would expect a gradual disappearance 
of pigment during adult life. 

An apparent fractionation of insectorubin can be 
achieved by exhaustively extracting the dried 
tissues first with acid ethanol and then with acid 
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methanol; between 30 and 40 % of the total pigment 
occurs in the acid-methanolic fraction irrespective of 
the stage of development (Table 1). The reasons for 
this fractionation are not yet apparent although two 
explanations are possible; (a) the insectorubin is 
attached to two different protein carriers, one com- 
plex being more easily broken down than the other, 
or (6) one fraction consists of insectorubin in a more 
‘aged’ (polymerized) form which would be more 
soluble in acid methanol than in acid ethanol 
(Goodwin & Srisukh, 19506). 

Insectorubin and the colour of Locusta. It is 
appropriate at this point to consider how far the 
present investigation and those earlier in the series 
(Goodwin, 1949; Goodwin & Srisukh, 1949, 19505) 
help in the explanation of locust coloration. In this 
we are concerned only with the general appearance 
of locusts and not with the details of the colour 
patterns, which are important in the recognition of 
the phases. The Anti-Locust Research Centre 
laboratory (Jones, 1950) has confirmed that locusts 
reared at high temperature are pale and at low 
temperature dark (Husain & Mathur, 1936); the 
present work has demonstrated the absence of in- 
sectorubin from pale locusts and the presence of 
unusually large amounts in the dark ones (Table 5). 
This tempts one to conclude that the amount of in- 
sectorubin present is mainly responsible for the 
colour of the locust. The validity of this conclusion 
depends on the development stage of the locust; in 
adults (except sexually mature males) this is true 
because the colour pattern is due almost entirely to 
insectorubin (Goodwin & Srisukh, 1950a). In 
hoppers (fifth instar insects are considered here but 
the discussion applies to other stages) insectorubin 
plays little or no part in the external coloration. The 
dorsal regions of a Locusta hopper are black and the 
ventral regions orange-brown. If these two regions 
are extracted separately the dorsal regions yield 
more insectorubin (Table 4), but the tissues remain 
quite black and orange-brown respectively (Goodwin, 
1950). The major part of the coloration is thus due 
not to insectorubin but to insoluble black and orange- 
brown pigments. The black pigment has all the 
attributes of a typical melanin (Chauvin, 1939), 
whilst the brown regions may be due to a very weak 
and scattered melanization. Whether this pigment is 
melanin in its usually accepted sense or is the result 
of the ‘tanning’ of the cuticle proteins (Pryor, 1940; 
Hackman, Pryor & Todd, 1948), is of no importance 
for this discussion. 

The insectorubin which occurs in the hypodermal 
cells (Chauvin, 1941; Daniel, 1949) is therefore not 
externally visible in hoppers because of the presence 
of cuticular melanin ; in immature males and females 
and mature females, melanin disappears from the 
cuticle (Chauvin 1941; Goodwin & Srisukh, 1950a) 
and insectorubin, either free or attached to a protein, 
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plays a major part in the external pigmentation of 
the insects. In sexually mature males f-carotene 
migrates to the cuticle, masks to some extent the 
insectorubin and the insects appear yellow. The same 
type of considerations can be applied to Schistocerca, 
except that it should be noted that the yellow 
patches in fifth stage hoppers are probably due to 
cuticular B-carotene. In adult Schistocerca small 
amounts of melanin seem to occur only in the elytra 
(Uvarov, 1948), whilst in Locusta there are black 
bands on the pronotum and the inside of the femur. 

The variation in coloration of hoppers bred at 
different temperatures is thus due to the production 
of varying amounts of melanin, a parallel variation 
in insectorubin production having very little effect 
on coloration; at adult emergence, however, when 
melanin almost entirely disappears from the cuticle, 
the degree of coloration is then controlled, except in 
sexually mature males, by the amount of insecto- 
rubin present. This interpretation is borne out by the 
observations on moulting hoppers (Tables 7 and 8). 
Immediately after moulting, although only very 
little insectorubin is lost, the insect is light coloured; 
no insectorubin is visible through the very light-buff 
opaque soft cuticle ; the coloration only appears after 
the formation of melanin or the tanning of the 
cuticle. 

The similar dependence of melanin and insecto- 
rubin on temperature could indicate that they are 
metabolically interrelated, and this is supported by 
the observation of Goodwin & Srisukh (1950b), that 
isolated insectorubin rapidly changes into a brown 
melanin-like powder; against this, however, must be 
considered the disappearance of melanin, but not 
of insectorubin, from immature adults and from 
solitary Locusta hoppers (see below). 

Insectorubin in solitary locusts. Solitary Locusta 
hoppers, whether green or buff, contain approxi- 
mately the same amounts of insectorubin as do 
gregarious hoppers, in spite of the great difference in 
colour (Table 9). Similar results are obtained if 
gregarious hoppers are kept crowded until the third 
or fourth instar and then segregated. The typical 
green coloration of the dorsal aspects appears, but 
the insectorubin content remains unchanged. Thus, 
as in gregarious hoppers, insectorubin plays no 
major part in the coloration of solitary hoppers. 
Melanin disappears from the cuticle and its place is 
taken by green insectoverdin, a complex of a glauco- 
bilin and a caroteno-protein (Junge, 1941; Goodwin 
& Srisukh, 1950a, c), although the amount of caro- 
tenoids present does not alter (Goodwin, 1949). 
Apparently, on isolation, a hopper gradually loses its 
cuticular melanin which is replaced by insecto- 
verdin. It would be reasonable to suppose that the 
major change in colour takes place at ecdysis, but 
precise observations on this point have not yet been 
made. As in the green hoppers, insectorubin appears 
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to play no great part in the coloration of buff hoppers, 
but the pigment responsible for the buff colour has 
not yet been characterized. The same considerations 
apply to solitary Schistocerca with the one important 
difference that green Schistocerca solitaries contain 
very little insectorubin. It is appropriate to note 
here that the haemolymph of solitaries is invariably 
green, whilst that of gregarious hoppers is almost 
always golden yellow (Goodwin & Srisukh, 1950c). 

Apart from the colour variation, the main 
difference between solitary and gregarious locusts is 
in their relative activities, the gregarious type being 
much more active (Uvarov, 1948). This increased 
activity results in slightly increased internal tem. 
peratures (Volkonsky, 1939); exposure to sunlight 
has the same effect, the rise in the temperature of 
gregarious (black) hoppers being, as might be ex- 
pected, higher than in thesolitary greens (Strel’nikov, 
1936). Thus under the same environmental conditions 
it would be reasonable to expect solitaries to be at 
asomewhat lower body temperature than gregarious 
locusts. If temperature were the only consideration, 
then from our laboratory results solitary hoppers 
would be expected to contain more insectorubin and 
melanin; what is observed is that the insectorubin 
content either remains constant (Locusta) or dis- 
appears (Schistocerca) whilst, owing to a qualitative 
change in metabolism, melanin disappears and is 
replaced by insectoverdin. Obviously, increases in 
metabolic activity connected with changes of tem- 
perature may have little if any effect on the colour 
changes produced in passing from gregarious to 
solitary phases and another factor, perhaps not con- 
cerned at all with metabolic activity, must be 
sought. 

Faure (1932) has suggested that phase differentia- 
tion in locusts is concerned with the accumulation or 
disappearance of a hypothetical substance called 
‘locustine’. None of the materials examined in the 
present investigation has the properties required of 
‘locustine’. No excessive pigment formation occurs 
in solitary insects. There is, however, an inhibition of 
melanin production (as well as in the case of green 
Schistocerca of insectorubin); the appearance of in- 
sectoverdin in place of melanin is characteristic of 
the solitary phase. 

The different colours which insectorubin assumes 
in its oxidized and reduced states (orange-yellow 
and wine-red, respectively) were possible factors in 
the colour changes observed in developing locusts, 
but Table 6 indicates that no significant difference in 
the relative amounts of the two forms occurs during 
development. The yellow colour of sexually mature 
males, Locusta and Schistocerca, and of the yellow 
regions of fifth stage Schistocerca is in fact due to 
carotenoid pigments (Goodwin & Srisukh, 1950a). 
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SUMMARY 


1. The formation of insectorubin has been studied 
in the solitary and gregarious phases of two locust 
species: Locusta migratoria migratorioides R. and F. 
and Schistocerca gregaria Forsk. 

2. Differential accumulation of insectorubin does 
not occur in the head and pronotum, body, legs and 
wings, and no sexual or species differentiation is seen ; 
but a higher concentration occurs in the dorsal than 
in the ventral regions. 

3. During development, insectorubin concentra- 
tion is constant throughout the hopper stages, but 
falls during adult life. The amount of pigment present 
increases up to adult emergence; thereafter it either 
remains constant or falls slightly. 

4. Certain atypical velvety-blue Locusta and 
Locusta infected with Plistophora contained normal 
amounts of insectorubin. 

5. About 37% of the insectorubin present in 
locusts is not extractable with acid ethanol, but is 
extractable with acid methanol. About 10-15% of 
the pigment occurs in the oxidized form. 

6. Temperature has a marked effect on insecto- 
rubin production; reduction of breeding temper- 
ature from 35° to 28° causes a threefold increased 
production, whilst increasing it to 40° almost com- 
pletely prevents its production. 

7. Insectorubin, which cannot be detected in 
newly laid eggs, is synthesized during the embryonic 
development of locusts. 

8. Small amounts of insectorubin are excreted in 
exuviae, but no significant change in insectorubin 
content occurs during the moulting process. 

9. Insectorubin occurs in the most common types 
of solitary Locusta (greens and buffs) in the same 
concentration as that found in corresponding gre- 
garious locusts. Gregarious (black) Locusta hoppers 
converted into solitary (green) hoppers by isolation 
at the third or fourth instar have the same insecto- 
rubin content as hoppers crowded all their life. The 
change in colour is due to the disappearance of 
melanin and its replacement by insectoverdin. 
Green solitary Schistocerca contain only small 
amounts of insectorubin whilst buffs contain normal 
amounts. 

10. Therole of insectorubin in the pigmentation of 
solitary and gregarious locusts is discussed. 
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for material and a grant towards laboratory expenses. The 
advice and help of Dr B. P. Uvarov, F.R.S., and Dr D. L. 
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valuable. Thanks are also due to Prof. R. A. Morton, F.R.S., 
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Vitamin B,-like Activity of 2-Amino-5-methylthiazole-4-carboxylic Acid 


By G. DI MAGGIO 
Pharmacological Institute, University of Catania 


(Received 16 January 1950) 


During the last few years investigations on the 
biological activity of vitamin B, have taken a new 
course, especially as a result of information obtained 
from studies on growth factors. Knight (1937a, b) 
demonstrated that it is not necessary to supply 
staphylococci with the entire molecule of aneurin, as 
they are able to satisfy their requirements when 
supplied with the pyrimidine and thiazole com- 
ponents. Many authors (see Lwoff, 1943) have 
established the same capability for other micro- 
organisms and also for higher organisms (Robbins, 
Bartley, Hogan & Richardson 1937). The last- 
mentioned workers demonstrated that a mixture of 
the pyrimidine and thiazole components could re- 
place vitamin B, in the diet of polyneuritic pigeons. 
This has also been demonstrated by Abderhalden & 
Abderhalden (1938), who have found further (1939) 
that such synthesizing ability is also possessed, to a 
limited extent, by extracts from different organs of 
various animals. 

It is further known that the thiazoles stimulate 
the growth of some organisms (flagellates, Phyco- 
myces) in the same general way as the whole vitamin 
functions in vertebrates and metazoa in general. 
Thiazole derivatives have, however, been studied 
only slightly from the pharmacological standpoint 
(see Di Maggio, 1946). It seemed of interest there- 
fore to inquire into the action on experimental beri- 
beri of substances containing only the thiazole 
nucleus. 


methylthiazole-4-carboxylic acid (I). 








im 
Cc S 
| 
| NH, 
| 
Bocca gsle 
COOH 
(I) 
EXPERIMENTAL 


This compound, as the Na salt, was dissolved so that 1 ml. of 
water contained 0-0166 mg. It was administered orally at a 
level of 0-0166 mg./100 g. body weight in single daily doses to 
adult pigeons fed only with rice (12-5 g. in the morning and 
12-5 g. in the evening). The doses were given before the 
morning feed. The pigeons (twelve in number), weighing 
450-500 g. and all of the same breed, were obtained from a 
private farm. Twelve other pigeons from the same farm 
received no thiazole treatment, but only the rice diet (12-5 g. 
in the morning and 12-5 g. in the evening) and were used as 
controls. Water was provided ad lib. for all birds. 

The gastro-intestinal symptoms (vomiting, diarrhoea) and 
the reactions to exercise were followed daily. The rectal 
temperature was measured each day and the body weight 
every 3 days. Blood samples were taken every 8 days froma 
wing vein and sugar determined by Hagedorn and Jensen’s 
method. In the terminal phase of the symptoms, daily blood- 
sugar estimations were carried out. 


The present investigation concerns 2-amino-5- 
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RESULTS 


It was observed (Table 1) that the survival time of 
the thiazole-treated animals (42-44 days) was 
almost double that of the untreated controls (22-24 
days). 


Table 1. Effect of 2-amino-5-methyl- 
thiazole-4-carboxylic acid on course 
of experimental beri-beri 


Duration of Body weight (g.) Body temperature (°) 





experiment 
(days) Initial Atdeath Initial At death 
Rice diet 
24 460 423 41-7 38-8 
24 410 385 42-0 39-0 
24 475 435 42-0 39-8 
22 480 460 42-0 40-0 
24 455 427 41-8 39-9 
23 430 405 41-6 38-8 
22 500 480 41-7 37:9 
24 470 445 41-5 39-6 
23 425 400 41-9 38-7 
22 425 405 41-8 39-7 
22 495 465 42-0 38-8 
22 440 420 41-9 38-8 
Thiazole treatment (0-0166 g./100 g.) 

42 475 300 41-6 39-5 
42 500 330 41-9 38-0 
43 495 305 41-7 39-9 
42 430 250 42-0 40-0 
42 500 325 42-0 38-8 
42 480 300 41-6 39-7 
41 490 325 41-9 38-8 
42 445 285 41-5 38-7 
44 470 305 41-7 39-9 
42 490 320 42-0 38-8 
42 425 260 41-7 38-0 
42 485 315 42-0 39-8 
240 
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Fig. 1. Effect of 2-amino-5-methylthiazole-4-carboxylic acid 

on beri-beri hyperglycaemia. Untreated pigeons (mean), 
; thiazole-treated pigeons (mean), ——— 000; 
death of pigeons, ¢. Ranges are shown by vertical lines, I. 





VITAMIN B, ACTIVITY 


563 


The administration of the thiazole derivative did 
not noticeably influence the appearance or course of 
the gastro-intestinal symptoms or the body temper- 
ature. In fact vomiting occurred in both the 
treated and untreated animals after 7-8 days, and 
diarrhoea also appeared at the same time in both 
groups of birds. The body temperature at the end of 
experiment had fallen equally in all animals. The 
loss of body weight in the thiazole-treated animals 
at death was greater (about 36 %) than in the control 
group (about 6%). However, the beri-beri hyper- 
glycaemia was inhibited until the terminal phase of 
the avitaminosis (Fig. 1). 


DISCUSSION 


It is evident, according to these experiments, that 
2-amino-5-methylthiazole-4-carboxylic acid exerts 
a vitamin B,-like action on the course of experi- 
mental beri-beri, although the effect is only tem- 
porary. 

The mode of action is not yet clear. The partially 
protective, vitamin-like action of this compound 
might be due either (1) to the utilization of the sub- 
stance itself, or (2) to a delaying effect on vitamin B, 
elimination or (3) to a more general protection 
against draining of the reserves of this vitamin. 
Another possibility is that the thiazole may con- 
tribute towards aneurin synthesis by condensation 
with pyrimidine bases derived from protein meta- 
bolism to an extent limited both by the concentra- 
tion of the reactants and the synthetic capacities of 
the organism. This synthetic ability, however, is not 
usually possessed by vertebrates, and is considered 
even more unlikely to take place in a deficient 
animal. Experiments are being continued in an 
attempt to explain the mechanism of action of these 
thiazole compounds. 


SUMMARY 


1. Pigeons fed only with a rice diet and treated 
daily with 2-amino-5-methylthiazole-4-carboxylic 
acid live almost double the time of untreated con- 
trols. 

2. Beri-beri hyperglycaemia in the thiazole- 
treated animals was inhibited until the terminal 
phase of the avitaminosis. 

3. The administration of the thiazole derivative 
did not noticeably influence the appearance or 
course of the gastro-intestinal symptoms or the body 
temperature 

4. 2-Amino-5-methylthiazole-4-carboxylic acid 
exerts, therefore, a protective, although temporary, 
action on the course of experimental beri-beri. 
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The Heterogeneity of the Glycerophosphate Fraction of Rat Liver 


By JUNE OLLEY anp M. BLEWETT 
Medical Research Council, Human Nutrition Research Unit, M.R.C. Laboratories, Holly Hill, 
Hampstead, London, N.W. 3 


(Received 28 December 1949) 


Zilversmit, Entenman & Chaikoff (1948) found that 
in the liver of the dog, after injection of **P, a 
fraction rich in glycerophosphate had _ specific 
activity-time curves (s.a.*/t) which indicated that 
glycerophosphate is a precursor of lecithin. Popjak 
& Muir (1949) obtained similar evidence in support 
of this view from comparison of the s../t curves of 
a ‘glycerophosphate’ fraction and those of total 
phospholipin in rat liver. These conclusions were 
based on the criteria proposed by Zilversmit, 
Entenman & Fishler (1943) for the relationships of 
the s.a./t curves of a precursor of the ultimate com- 
pound. 
5 g. Liver. Homogenize 
in 40 ml. 4% TCA 


The validity of these conclusions is dependent on 
the composition of the ‘glycerophosphate’ fraction. 
Several methods have been described for the extrac- 
tion of ‘glycerophosphate’ from trichloroacetic acid 
(TCA) extracts of liver, some of which are outlined in 
Fig. 1. 

Lepage (1944) fractionated TCA extracts of rat 
liver by the methods of Leva & Rapoport (1943) and 
Lepage & Umbreit (1943). He found that 58 % of the 
phosphoric esters present in the ‘glycerophosphate’ 
fraction and reacting with periodate could be 
accounted for as esters of known properties other 
than glycerophosphate, i.e. pentose-5-phosphate, 








Zilversmit et a Lepage 
Supernatant Supernatant 
Hydrolyse for 3 hr. Add 2 ml. 50% barium 
with 10% NaOH. acetate and adjust to 
Neutralize. Add pH 8-2 
magnesia, mixture | 


Supernatant 
Add 5 vol. ethanol 


Ppt. 

Dissolve in 10 ml. 4% 
TCA and adjust to 
pH 8-2. Add 0-3 ml. 
N-acetic acid and 
1-25 ml. 20% mercuric 
acetate 


Supernatant} 


Supernatantt 
Remove Ba and Hg 


— 
Ppt. 

Dissolve in TCA. 

Add magnesia mixture 


1 
Kaplan & Greenberg 


Supernatant 
Add 2 ml. 20% BaCl, 
and adjust to pH 8-2 
with 5n-NaOH 
i ~ 1 
Supernatant 
Add 0-6 ml. N-acetic 
acid and 2-5 ml. 20% 
mercuric acetate 


Ppt. 
Inorganic PO, 


Supernatant 
Add 4 ml. saturated 
neutral lead acetate 
| 
Supernatant 
Add 3 vol. ethanol 
| 
Ppt.f 
Remove Pb and Ba 


{ Used for estimation of acid-hydrolysable P, «-PE and f-PE. 


Fig. 1. Separation of ‘glycerophosphate’ by the methods of Zilversmnit et al. (1948), 
Lepage (1944) and Kaplan & Greenberg (1944). 





* s.a.=specific activity (% injected **P/mg. P). 
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glucose-6-phosphate and _ fructose -6 -phosphate. 
Zilversmit et al. (1948) and Kaplan & Greenberg 
(1944) used the procedure of Kurssanov (1938) con- 
sisting of a 3 hr. hydrolysis with 10% (w/v) sodium 
hydroxide to separate glucose-6-phosphate and 
glycerophosphate. The ‘glycerophosphate’ fraction 
separated by the Kaplan & Greenberg (1944) pro- 
cedure gave a negative test for pentose. 

Methods have now been developed to test the 
purity of the ‘glycerophosphate’ fraction obtained 
by the various procedures. These were based on the 
following principles: (1) «-glycerophosphate is 
oxidized by periodate to phosphoglycolaldehyde; 
this ester is hydrolysed with liberation of inorganic 
phosphate in conditions in which glycerophosphate 
is stable, i.e. with 2N-sulphuric acid for 1 hr. at 
100°. Phosphorylated aldehydes with similar hydro- 
lysis characteristics will be formed from other com- 
pounds containing adjacent hydroxyl groups, but 
the rate of reaction with periodate is likely to be 
different. (2) Interconversion of «- and f-glycero- 
phosphate takes place in acid or alkaline solution as 
shown: 


CH,OH CH,OH 
l NaOH 

CHOH = CHOPO,H, 
l H,SO, | 
CH,OPO,H, CH,OH 


The conversion of the B-compound to the «-form by 
sulphuric acid in the presence of periodate is com- 
plete (Burmaster, 1946). 

The ‘glycerophosphate’ fraction was separated by 
various procedures from the liver of animals injected 
with =P, The s.a. of the inorganic phosphate liber- 
ated after hydrolysis with acid following oxidation 
with periodate was then estimated. In order to test 
the homogeneity of the fraction, the following were 
varied: (a) interconversion of «- and -glycero- 
phosphate or substituted glycerophosphate, (b) the 
time allowed for oxidation with periodate, (c) the 
time of hydrolysis with acid of the phosphorylated 
aldehydes. By this means it was hoped to determine 
the minimum number of phosphoric esters present in 
the ‘glycerophosphate’ fraction. 

Compounds with adjacent hydroxyl groups re- 
acting with periodate are subsequently referred to 
as «-periodate-reacting phosphoric esters («-PE), 
and compounds which react with periodate only 
after conversion from the B- to the «-form as B- 
periodate-reacting phosphoric esters (8-PE). 


METHODS 


Experimental animals. Male albino rats of the Wistar 
strain weighing 150 g. were maintained for 8 days on a diet 
previously described (Blewett, Campbell & Olley, 1949). 
Food and water were removed from the animals 4 hr. before 
intraperitoneal injections of **P. Each animal received 
50 uc. of 2P as NagH**PO, in 0-5 ml. water and was killed by 
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decapitation 2 hr. later. At this time the s.a. of liver in- 
organic P is maximal and the s.a. values of the fractions with 
higher turnover rates will not have decreased towards the 
values of the slower fractions. Differences therefore in s.a. 
of phosphate esters should be most easily detected at this 
time. 

Extraction of inorganic phosphate. The method involved 
only the estimation of inorganic P liberated at different stages 
of the reactions. In single rat livers it was necessary to 
determine the s.a. of quantities as small as 5-10 wg. P. Pre- 
cipitation of phosphate with magnesia mixtures is not 
quantitative at this level and strong ammoniacal solutions 
hydrolyse phosphoric esters other than those hydrolysed in 
the reaction under investigation. A method was therefore 
developed for removing inorganic P in the presence of other 
phosphoric esters without precipitation. A standard radio- 
active phosphate solution (5 ml.) was placed in a 10 ml. 
graduated stoppered cylinder. To this solution were added 
1 ml. 33 % (v/v) H,SO,, 1 ml. 10% (w/v) ammonium molyb- 
date and 1 ml. ofa solution containing 20 % (w/v) Na,SO, and 
0-5% quinol. The solution was made up to 10 ml. and P 
estimated colorimetrically after 30 min. The solution (8 ml.) 
was then extracted in a separating funnel for 2 min. with iso- 
butanol (5 ml.). The reduced phosphomolybdate passed into 
the butanol layer. After standing for 30 min. to allow for 
drainage the aqueous layer was separated. This was followed 
by a further draining period of 10 min. to ensure complete 
removal of the aqueous phase. The butanol layer was washed 
into a graduated cylinder with ethanol and the volume noted. 
The radioactivity of a 5 ml. sample was determined using a 
G.T. 11 tube set up as an immersion counter. Nine samples of 
phosphate solutions containing from 2 to 100g. P gave a 
mean recovery of 98-0%, the standard error of the per- 
centage deviation being 2-0%. 

Determination of the amounts and specific activities of the 
periodate-reacting phosphoric esters. The amounts and s.A.’s of 
the total «-PE and B-PE were determined by the following 
method: three 5 ml. samples of neutralized TCA extract of 
rat liver containing from 5 to 50 yg. «-PE-P were pipetted 
into graduated stoppered cylinders. To sample 1, 0-5 ml. of 
0-1mM-KIO, in 3N-H,SO, was added and the solution allowed 
to stand for 1 hr. Excess periodate was then destroyed with 
1 ml. of 4% sodium metabisulphite. 1 ml. 33% (v/v) 
H,SO, was added and the mixture heated at 100° for 1 hr. 
Sample 2 had the same treatment as sample 1 except that 
periodate reagent was omitted. To sample 3, 0-5 ml. 0-1 M- 
KIO, in 3n-H,SO, and 1 ml. 33% H,SO, were added and the 
mixture heated at 100° for lhr. Excess periodate was 
destroyed with 1 ml. of 4% metabisulphite. Inorganic P was 
estimated, extracted, and the radioactivity determined as 
already described. The amount and radioactivity of P 
liberated by acid hydrolysis only was thus obtained from 
sample 2. Values for sample 1—2 gave the total «-PE and those 
for sample 3-1 the total B-PE. 

Determination of changes in specific activity during periodate 
oxidation and sulphuric acid hydrolysis. If several compounds 
of different s.a.’s in an extract react at different rates with 
periodate, the s.a. of the P liberated during time intervals of 
0-t, t-t,, 4-1, etc. will have different values. If these time 
intervals are sufficiently short an indication of the number of 
compounds present should be obtained. To get a series of 
specific activities at intervals during the course of the perio- 
date oxidation samples of equal volume and composition of a 
neutralized TCA extract of liver were pipetted into 10 ml. 
graduated stoppered cylinders. Equal samples were neces- 
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sary to avoid the effect of varying concentration on the rate 
of reaction. The solutions were made to 5 ml. Portions were 
treated as for sample 1, but the periodate reagent was 
destroyed after different times. One portion was treated as 
for sample 2. The amount and radioactivity of the P liber- 
ated were obtained in the manner already described. In 
another experiment samples were oxidized with periodate for 
1 hr. and the hydrolysis with H,SO, of the products of perio- 
date oxidation similarly used to obtain a series of s.a.’s. Two 
samples were taken for each time interval. One portion was 
treated as for sample 1 and the other as for sample 2. The 
samples were heated at 100° for various times and the acid- 
hydrolysable P and radioactivity measurements were sub- 
tracted from the corresponding values of the sample treated 
with periodate. 

Preparation of radioactive «-glycerophosphate. Radioactive 
a-glycerophosphate was synthesized by the method of King 
& Pyman (1914). H,PO, (1-58 g.) was added to 19 ml. of a 
solution containing 100 yc. of **P as H;PO,. NaOH (1-72 g.) 
was then added, the solution cooled, and 1-58 g. of «-mono- 
chlorhydrin (British Drug Houses Ltd.) freshly distilled at 
14 mm. and 121°, added. The solution was left for several days 
at room temperature, the glycerophosphate extracted as 
described and sodium glycerophosphate prepared by double 
decomposition. A 41% yield was obtained. 





EXPERIMENTAL AND RESULTS 


The ‘glycerophosphate’ fraction of 
Zilversmit et al. (1948) 


TCA extracts of rat livers were treated by the 
method of Zilversmit et al. (1948) for extraction of 
the ‘glycerophosphate’ fraction. Inorganic phos- 
phate was precipitated with barium chloride 


(Ennor & Stocken, 1948). There was no appreciable 
loss of added radioactive «-glycerophosphate in the 
barium precipitate. The amounts and radioactivities 
of total acid-hydrolysable «a- and -periodate- 
reacting phosphoric ester-P were measured. The 
results are shown in Table 1. 





H,SO,- 
hydrolysable 
P +inorganic P 
not precipitated 


J. OLLEY AND M. BLEWETT 


Table 1. Analysis of esters forming soluble barium salts obtained from TCA extracts of rat liver 
after 3 hr. hydrolysis with 10% NaOH 


«-Periodate 
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It can be calculated from this table that 28 % of 
the PE-P was in the £-form. The f-esters had an 
extremely low s.a. As it seemed possible that they 
were formed during the sodium hydroxide hydrolysis 
by the decomposition of a liver component with a . 
slow rate of renewal, the ester fraction giving soluble 
barium salts obtained from the TCA liver extracts 
was examined before and after hydrolysis. A sample 
was hydrolysed with sodium hydroxide at 100° and 
treated with magnesia mixture; to another equal 
sample all the reagents were added, but it was not 
hydrolysed with sodium hydroxide. The fractions 
were then analysed and the changes produced by 
hydrolysis are shown in Table 2. 

It can be seen that the amounts of residual P were 
almost unchanged. The loss of «-PE was greater than 
the total loss in two out of the three experiments. 
This could only be accounted for by a gain in B-PE-P 
and therefore there must have been a conversion of 
the «-compounds to the B-form by sodium hydroxide. 
Thes.a. of the B-PE fraction after alkaline hydrolysis 
was very low compared with those of either the 
«-PE or B-PE fractions before hydrolysis (Table 2). 
If it is accepted that the B-PE fraction originates 
from the «-PE fraction, it follows that the latter is 
heterogeneous and contains material of very low 
s.A. We also investigated the s.a.’s of the «-com- 
pounds after various reaction times with periodate 
and sulphuric acid as described above. 


Leva & Rapoport (1943) found that the reaction of glycero- 
phosphate with periodate was completed in 40 min. and the 
hydrolysis of the phosphoglycolaldehyde in 1 hr. A periodate 
reaction rate curve was obtained for a sample of radioactive 
sodium «a-glycerophosphate containing 27g. P in an 
aqueous solution and in the presence of inactive TCA tissue 
extract containing 20 ug. P. The reaction in the presence of 
tissue extract was followed by radioactivity determinations 
on the P extracted by isobutanol. The reaction was complete 







8-Periodate 


« + B-Periodate 


by magnesia reacting reacting reacting 
Total P mixture ester-P ester-P ester-P Residual] P* 
Percentage compo- 100 18-46 39-4 15-59 — 26-55 
sition (10 animals) 
S.E. 1-49 2-20 0-74 2-60 
Specific activity 2 hr. 
after **P injection 1-15 — 1-29 0-25t 0-995 _ 


(12 animals) 


S.E. 0-058 








* Residual P is P resistant to hydrolysis by acid and alkali before and after treatment with periodate. 


0-082 0-062 









+ The specific activity of the B-periodate reacting phosphate esters was computed from the mean specific activities of the 
a- and «+ -periodate reacting phosphate esters. The low activity of this fraction made the subtraction of individual 


radioactivity measurements of the «-fraction from the « + B-fraction inaccurate. 
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Table 2. Effect of NaOH hydrolysis on the specific activities and amounts of phosphoric esters 
Amounts (mg. P/100 g. fresh liver) 
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1-28 1-84 
1-19 1-28 
0-98 1-46 


1-11 
1-07 
0-81 
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v 
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*t See footnotes to Table 1. 
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between 40 min. and 1 hr. for pure glycerophosphate and in 
4 min. in the presence of tissue extract. Catalysis of periodate 
oxidation must therefore occur in the presence of TCA tissue 
extracts. Small time intervals had therefore to be chosen to 
detect changes in s.a. during periodate oxidation. 


Evidence as to the number of compounds present 
in the mixture may be deduced from the number of 
inflexions in the specific activity-reaction time 
(s.a./Rt) curve of the phosphate liberated. A pro- 
gressive increase or decrease of s.a. could be due to 


Table 3. Changes in specific activity of «-periodate 
reacting phosphoric esters during the periodate 
oxidation of rat liver extracts 


(The extracts were prepared by the method of Zilversmit 
et al. (1948). The fractions from rats 296 and 297 were 
hydrolysed fer 3 hr. with 10% NaOH. The fraction from 
rat 299 was not hydrolysed with NaOH. Further results are 
shown in Fig. 2. All samples were hydrolysed with 2N- 
H,SO, for 1 hr. at 100°.) 


Specific 
Time interval activity 2 hr. 
Rat of periodate P liberated after **P 
no. oxidation (ug-) injection 
296 0-8 sec. 7-06 1-08 
8-17 sec. 3-22 1-09 
17-48 sec. 6-32 0-81 
48-80 sec. 2-00 1-60 
80 sec.—2 min. 1-51 2-01 
2-10 min. 7-54 0-98 
10-15 min. 0 -- 
297 0-10 sec. 6-12 1-12 
10-22 sec. 3-06 0-36 
22-54 sec. 3-56 0-63 
54 sec._4 min. 6-08 0-80 
299 0-7 sec. 11-90 1-29 
7-16 sec. 3-40 0-53 
16-59 sec. 5-05 0-91 
59 sec.—4 min. 11-00 0-69 
4-15 min. 12-60 0-57 


Table 4. Changes in specific activity during the 
H,SO, hydrolysis of compounds formed by periodate 
oxidation of «-phosphoric esters of rat liver extracts 


(The extracts were prepared by the method of Zilversmit 
et al. (1948) and hydrolysed for 3 hr. with 10% NaOH. 
Periodate oxidation was carried out for 1 hr.) 


Time interval 


for hydrolysis Specific 
with 2n-H,SO, activity 2 hr. 
Rat at 100° P liberated after *P 
no. (min.) (ug-) injection 
310 0-5 13-70 0-81 
5-10 16-15 1-29 
10-20 12-40 1-57 
20-30 11-70 0-45 
30-40 21-10 0-27 
40-60 3-02 0-83 
311 O-+ 2-76 2-41 
47 2-66 1-42 
7-20 11-58 0-95 
20-30 1-20 2-80 


30-40 0 
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increasingly higher proportions of one particular 
compound reacting during any time interval, where- 
as an inversion of the s.a./Rt curve must have repre- 
sented the presence of a different compound pre- 
dominating in the reaction at that time. Some data 
are shown in Tables 3 and 4 and Fig. 2. The soluble 
barium salts of esters in the TCA extract of the liver 
of rat 296, for example, must have contained at least 
four «-PE fractions after sodium hydroxide hydro- 
lysis. There was a wide range of specific activities 
which were more marked after sulphuric acid hydro- 
lysis of the periodate oxidation products, e.g. the 
specific activities for rat 310 varied from 0-26 to 1-57. 





The water-insoluble, ethanol-insoluble barium salts 
from the trichloroacetic acid extract of rat liver 


TCA extracts of rat livers were fractionated by the 
method of Kaplan & Greenberg (1944) and by the 
method of Lepage (1944). Precipitation of the in- 
soluble barium salts of phosphates in the Kaplan & 
Greenberg (1944) fractionation was effected with 
barium chloride and sodium hydroxide. « -and f- 
PE-P were determined. 4-84 mg./100 g. fresh liver 
(s.E. 0-47; number of animals, n=11) of «+ B-PE 
was found by the Kaplan & Greenberg (1944) pro- 
cedure, approximately 90% being in the a-form. 
The total «+ B-PE was 6-25 mg./100 g. (s.z. 0°57, 
n= 7) by the Lepage (1944) procedure. Table 5 shows 
the results, for five animals, obtained with both 
methods on the same extract. 


Table 5. Comparison of the ‘glycerophosphate’ 
fraction prepared by two methods 


(«+ B-Periodate-reacting phosphoric esters in ethanol- 
insoluble fraction of TCA extract of rat liver.) 


mg. P/100 g. fresh liver 





Rat Kaplan & Greenberg Lepage (1944) 
no. (1944) separation separation 
347 3-57 4-48 

348 6-20 8-25 

362 5°55 5-55 

363 3-48 4-45 

364 3-40 7-50 


The higher results obtained by the Lepage (1944) 
method were found to be due to the difference in pH 
at which the ethanol precipitation was carried out. 
The Kaplan & Greenberg (1944) ethanol precipita- 
tion is done in the presence of 0-6 ml. N-acetic acid, 
the Lepage (1944) precipitation at pH 8-2. The 
extracts from two rats were treated by the Kaplan & 
Greenberg (1944) procedure and the ethanolic super- 
natant then brought to pH 8-2 with sodium hy- 
droxide. A heavy precipitation of the salts used in the 
separation occurred together with 0-78 mg./100 g. 
and 1-24mg./100g. «+ 8-PE-P; this phosphate 
could not be glycerophosphate, if according to 
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Kaplan & Greenberg (1944) a 97% recovery of 
added «-glycerophosphate occurs in the ethanol 
precipitate—an observation which was confirmed by 
us on two rats. The fraction prepared by the method 
of Kaplan & Greenberg (1944) was therefore more 
likely to have a higher percentage of glycerophos- 
phate than that prepared by the Lepage procedure. 


The ‘glycerophosphate’ fraction of 
Kaplan & Greenberg (1944) 


The s.a. values of the ‘glycerophosphate’ fractions 
prepared by this method were followed during the 
course of the periodate reaction. The ethanol pre- 
cipitate was hydrolysed with 10% (w/v) sodium 
hydroxide and the liberated phosphate removed 
with magnesia mixture. The hydrolysate was found 
to contain 4:72 mg./100g. (s.z£. 0-33, n=7) of 
a-PE-P which accounted for approximately 45 % of 
the total fraction. The s.a. values of the «-PE-P were 
significantly higher in this fraction (1-71, s.£. 0-096, 
n=7) than those of the «-PE-P separated by the 
method of Zilversmit et al. (1948) (see Table 1). 
Comparison with Table 2 also shows that the 
amounts were significantly reduced. Table 6 shows 
that these phosphoric esters prepared by the Kaplan 
& Greenberg method were also a mixture of at least 
three compounds, but that the very low s.a.’s 
occurring during certain time intervals in the perio- 
date oxidation of fractions obtained by the method 
of Zilversmit (Table 3) are not found in the case of 
the phosphoric esters separated by Kaplan & 
Greenberg’s procedure. 


Table 6. Changes in specific activity of «-periodate 
reacting phosphoric esters during the periodate 
oxidation of rat-liver extracts 


(The ethanol precipitates were prepared by the method of 
Kaplan & Greenberg (1944) and hydrolysed for 3 hr. with 
10% NaOH. Further results are shown in Fig. 2.) 


Specific 
Time interval activity 2 hr. 

Rat of periodate P liberated after *P 

no. oxidation (ug) injection 
330 0-8 sec. 13-3 0-81 
8 sec.—1 min. 13-5 1-68 
1-4 min. 8-5 2-13 
4 min.—1 hr. 2-3 1-15 
313 0-30 sec. 14:3 1-19 
30 sec.—1 min. 1-6 2-50 
1-2 min. 5-2 1-41 
2-15 min. 58 1-36 


An investigation of the ethanol-soluble fraction of 
the water-soluble barium salts separated by Kaplan 
& Greenberg’s (1944) procedure showed a reason for 
this discrepancy. This fraction had a low s.a. at 2 hr. 
(Table 7). The ethanol was removed in vacuo and the 
remaining extract hydrolysed with 10% sodium 
hydroxide for 3 hr., neutralized and the inorganic 
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Table 7. Analysis of the ethanol supernatant of a TCA extract of rat liver 


(The fraction was prepared by the method of Kaplan & Greenberg (1944) 2 hr. after injection of **P. The values are given 
+s.E. (no. of animals in parentheses). The f-periodate reacting ester P after NaOH hydrolysis was 50-67 % + 2-32 (10) of 
the total periodate reacting ester P. Glycerylphosphorylcholine is converted to 55% £-glycerol esters after 3 hr. hydrolysis 
with 1n-NaOH (Baer & Kates, 1948). The amounts and specific activities of the P resistant to periodate oxidation were 


estimated by difference.) 
Treatment 


Unhydrolysed Total P 


P resistant to periodate oxidation 


Total P 
a+ B-PE 
a-PE 
p-PE 


3 hr. hydrolysis with 10% NaOH 


P fraction 


mg. P/100 g. 


fresh liver Specific activity 
13-504 0-63 (7) 0-371 40-053 (6) 
5°64 0-68 


8-23-+.0-58 (3) 
7-86 -£ 1-58 (7) 
3-9440-77 (7) 
3-93-£ 0-85 (7) 


0-149 -+.0-029 (6) 
0-212 + 0-039 (6) 
0-079 40-017 (6) 


Table 8. Effect of NaOH hydrolysis on the solubility of the ethanol-soluble fraction of TCA extracts of rat liver 


(The ethanol-soluble fraction was separated by the method of Kaplan & Greenberg (1944). After 3 hr. hydrolysis with 
10% NaOH the Ba salts of the «- and B-periodate reacting phosphoric esters were water-soluble, but were precipitated by 
ethanol. Small quantities of periodate-resistant phosphoric ester P were also precipitated after NaOH hydrolysis.) 


mg. P/100 g. fresh liver 








fr ~Y 
Unhydrolysed NaOH hydrolysed 
; Y 

Rat a + B-Periodate «-Periodate B-Periodate 
no. reacting P Total P reacting P reacting P 
330 Total fraction 6-45 9-15 3-23 3-22 
330 Ethanol-insoluble Ba salt 0-176 6-22 2-42 3-20 
332 Total] fraction 711 8-38 3-26 3°85 
332 Ethanol-insoluble Ba salt 0-169 7-00 3-26 3-00 


P precipitated with magnesia mixture. Estimation 
of «- and B-PE showed that there were large quan- 
tities of these compounds in the supernatant 
(Table 7) and that the B-compounds had a very low 
s.A. Estimation of the «- and B-PE-P, in samples 
from two rats, before and after sodium hydroxide 
hydrolysis showed that the low activity B-ester was 
formed during the hydrolysis by conversion of the 
a-form ; e.g. 350 wg. of a-PE-P of s.a. 0-22 yielded on 
hydrolysis 212 wg. of «-PE-P of s.a. 0-33 and 133 yg. 
of B-PE-P of s.a. 0-049. There were therefore at least 
two alkali-resistant esters present in this fraction 
which would be included in the ‘glycerophosphate’ 
fraction separated by the Zilversmit et al. (1948) 
procedure. 

Table 8 shows the change in solubility of the esters 
in this most soluble fraction after hydrolysis for 3 hr. 
with 10 % sodium hydroxide. 


The ethanol was removed in vacuo and samples of the 
remaining extract, before and after hydrolysis for 3 hr. with 
10% NaOH, were treated with 2 ml. of 50% barium acetate 
and a small amount of inorganic phosphate and adjusted to 
pH 8-2. The solution was left at 0° for 1 hr., centrifuged and 


‘the supernatant treated with 4 vol. of ethanol. The ethanol 


precipitate was dissolved in TCA and treated with H,SO, to 
remove Ba. «- and B-PE-P were then determined. 


It can be seen that hydrolysis converted a large 
percentage of the periodate-reacting phosphoric 
esters with barium salts soluble in ethanol into esters 
with water-soluble, but ethanol-insoluble, salts. 


The properties of the low-activity fraction of rat 
liver containing the esters with barium salts soluble 
in ethanol are similar to those of «-glycerylphos- 
phorylcholine, which has been extracted from beef 
pancreas by Schmidt, Hershman & Thannhauser 
(1945) and King & Aloisi (1945) and prepared syn- 
thetically by Baer & Kates (1948). Thus, the barium, 
lead and mercury salts are soluble in ethanol; it is 
only very slowly hydrolysed by N-sulphuric acid, but 
reacts rapidly with periodate; the formation on 
alkaline hydrolysis of ethanol-insoluble barium salts, 
which, on treatment with acid and alkali, equilibrate 
intermolecularly to give a mixture of «- and £-forms, 
parallels the formation of «- and B-glycerophosphates 
and choline from glycerylphosphorylecholine on 
alkaline hydrolysis. 


Comparison of ‘glycerophosphate’ fractions separated 
by the methods of Kaplan & Greenberg (1944) and of 
Zilversmit et al. (1948) 


In Fig. 2 the changes in s.a. during the oxidation 
of the «-phosphoric esters are compared. P,Q, Rand 
S are the time intervals during which each of four 
esters in the fraction separated by the Zilversmit 
procedure were exerting a maximum influence on the 
s.A. of the phosphorus liberated in the periodate 
oxidation. X, Y and Z are similar time intervals for 
the «-phosphoric esters separated by the Kaplan & 
Greenberg procedure. The difference between these 
two sets of results may be due to the absence in the 
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latter of the low-activity ethanol-soluble «-ester 
(Table 7) producing in the first set the low activity 
represented by Q. 
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Fig. 2. Changes in specific activity of phosphoric aldehydes 
caused by the different rates of periodate oxidation of «- 
periodate-reacting phosphoric esters. Six representative 
diagrams taken from results for eleven rats. P,Q, R and 8 
represent the measured time intervals during which each 
of four «-PE separated by the Zilversmit et al. (1948) pro- 
cedure were exerting a maximum effect on the s.a. in the 
periodate oxidation. X, Y and Z are similar time intervals 
for «-PE separated by the Kaplan & Greenberg (1944) 
procedure. 


Further inflexions might have been revealed if 
determinations had been made at smaller time inter- 
vals. It should be noted that no inflexion in the 
s.4./Rt curve would occur if two compounds in a 
fraction had similar reaction rates or produced 
changes of s.a. in the same direction. Duplicate 
s.a./Ré curves on the same liver extract showed good 
agreement. 


DISCUSSION 


Significance of the heterogeneity of the 
‘glycerophosphate’ fraction 


The ‘glycerophosphate’ fraction of rat liver pre- 
pared by the method of Zilversmit et al. (1948) has 
been found to be a mixture of at least four phosphoric 
esters reacting with periodate and contained in 
addition a compound or compounds resistant to acid 
and alkaline hydrolysis and to periodate oxidation. 
In this method the sugar phosphates are hydrolysed 
by alkali. The methods of Kaplan & Greenberg 
(1944) and Lepage (1944) involve a precipitation of 
the ‘glycerophosphate’ fraction with ethanol. The 
ethanol precipitate and ethanol-soluble fraction are 
then treated with alkali to hydrolyse sugar phos- 
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phates. At least three phosphoric esters reacting 
with periodate are found in the ethanol precipitate 
and at least two in the ethanol-soluble fraction. 

The ‘glycerophosphate’ fraction prepared by the 
method of Zilversmit et al. (1948) therefore includes 
the ethanol-soluble and ethanol-insoluble com- 
pounds. These had widely differing specific activities. 
Ethanol-soluble barium salts of phosphoric esters 
from TCA extracts of rat liver have been reported by 
other workers. Lepage & Umbreit (1945) found 
16-0 mg. P/100 g. fresh rat liver in the fraction of 
TCA extracts with ethanol-soluble barium salts and 
Rapoport, Leva & Guest (1943) give figures ranging 
from 3 to 9mg./100 g. depending on the dietary 
treatment. Flock, Bollman & Mann (1936) found 
approximately 16 mg. ethanol-soluble P/100 g. fresh 
liver for dogs on lean meat and high fat diets. The 
TCA extract of dog liver obtained by Zilversmit e¢ al. 
(1948) may have been as complex as the rat liver 
extracts investigated by us. It would appear there- 
fore that the s.a./t curve of the complex ‘glycero- 
phosphate’ of Zilversmit et al. (1948) cannot be used 
as evidence that glycerophosphate is in fact a pre- 
cursor of lecithin. The marked increases in the 
specific activity of their alkali-stable fraction after 
administration of choline may be due to an increase 
in general liver phosphorylations and not to an in- 
crease in turnover of a lecithin precursor. An in- 
crease in the s.A. of lecithin was in fact found by 
these workers to be accompanied by an increase in 
the s.a. of both alkali-stable and alkali-labile 
phosphorus. 

There is evidence from this work that the ‘glycero- 
phosphate’ fractions extracted by other procedures 
are also very heterogeneous. Taking rat 310 as a 
typical example, Table 6 shows that the ethanol pre- 
cipitate separated by the method of Kaplan & 
Greenberg (1944) contained, after sodium hydroxide 
hydrolysis, a fraction of s.a. less than 0-8, another 
greater than 2-1 and one of intermediate s.a. Any of 
these fractions could have been glycerophosphate. 
Compounds of higher s.a. activity were precipitated 
when the sodium hydroxide hydrolysate of the 
ethanol precipitate was treated with three volumes 
of ethanol, methanol, diacetone alcohol or methyl 
cellosolve. 

Bollman, Flock & Berkson (1948) and Campbell, 
Olley & Blewett (1949) found that calculations 
assuming liver inorganic phosphate to be the pre- 
cursor of phospholipins gave a constant measure of 
turnover rate throughout the time interval studied. 
They therefore concluded that the s.a./t curve of the 
true precursor of the phospholipins must follow very 
closely that of the inorganic phosphate. The ‘gly- 
cerophosphate’ fraction of rat liver was too impure 
to apply the criteria of Bollman et al. (1948) and 
Campbell et al. (1949) for glycerophosphate as a pre- 
cursor of phospholipins. However, with the diet 
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used throughout these experiments, inorganic phos- 
phate at 2 hr. after **P injection had an average s.A. 
of 2-75. One fraction in the mixture separated by 
Kaplan & Greenberg’s (1944) procedure appeared to 
have a S.A. at 2 hr. approaching this value. There 
may therefore be a compound present in the ‘gly- 
cerophosphate’ fraction of rat liver with a s.a./t 
curve as high as that of inorganic phosphate; this 
would give a constant measure of phospholipin 
turnover if it were taken as the precursor in the cal- 
culations. 


The ethanol-soluble, alkali-stable, barium salts from 
trichloroacetic acid extracts of rat liver 


The esters with ethanol-soluble barium salts in 
TCA extracts of rat liver have not been identified. 
Rapoport et al. (1943) state that this fraction prob- 
ably contains choline sphingosine phosphate. How- 
ever, sphingosine does not react with periodate 
(Carter, Glick, Norris & Phillips, 1942) and choline 
sphingosine phosphate would not, therefore, appear 
to account for the phosphate liberated by periodate 
oxidation and subsequent hydrolysis in our experi- 
ment. There were at least two periodate-reacting 
phosphoric esters in our fraction of ethanol-soluble 
barium salts. The low-activity phosphoric ester con- 
verted to the B-form on sodium hydroxide hydrolysis 
appeared to have the properties of «-glycerylphos- 
phorylcholine. Glycerylphosphorylcholine has so 
far only been isolated from pancreas. Schmidt e¢ al. 
(1945), however, observed that an ethanol-soluble, 
light petroleum-insoluble phosphorus fraction was 
present in other organs including liver. Aloisi & 
Buffa (1948) detected an increased oxygen uptake on 
the addition of «-glycerylphosphorylcholine to guinea 
pig-liver homogenates. No increase was observed 
with the B-isomer. After sodium hydroxide hydro- 
lysis the «- and £-periodate-reacting phosphoric 
esters in the ethanol-soluble fraction of rat liver had 
widely different specific activities (Table 7). If the 
a-B-conversion by sodium hydroxide hydrolysis 
were not complete, the «-compound would have been 
a mixture of the B-compound and a compound of 
higher s.a. An investigation of the s.A. of the «-ester 
at different time intervals during the pe’ *9 
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oxidation would elucidate this point. However, the 
s.A. of the B-compound could be taken as that of the 
suspected glycerylphosphorylcholine. The s.a. of 
total phospholipin at 2 hr. for rats fed on the same 
diet was found to be 0-38 (s.z. 0-028, n=9). Blewett 
et al. (1949) found for rats under identical conditions 
that the choline-containing and non-choline-con- 
taining phospholipin had the same activity at 6 hr. 
after **P injection. Were this B-periodate-reacting 
ester of s.A. 0-079 at 2 hr. after **P injection definitely 
proved to be «-glycerylphosphoryleholine, the 
possibility of this compound as a precursor of 
lecithin in the liver would be excluded. Schmidt e¢ al. 
(1945) found that glycerylphosphorylcholine is split 
by alkaline phosphatase into its three constituents. 
The compound may therefore well be a metabolite in 
the degradation of lecithin. 

The ethanol-soluble fraction from TCA extracts of 
rat liver has been found to contain several phos- 
phorus compounds in quite large amounts. These are 
interesting because of their low specific activities and 
possible relationship to the phospholipins. 


SUMMARY 


1. A method has been developed by which the 
heterogeneity of a mixture may be established from 
the changes in specific activity during chemical 
treatments. This method has been applied to the 
‘glycerophosphate’ fraction of rat liver. 

2. The ‘glycerophosphate’ fraction of rat liver 
obtained by ethanol precipitation has been found to 
contain, after hydrolysis with sodium hydroxide, at 
least three periodate-reacting phosphoric esters of 
widely differing specific activities. 

3. A compound which has many of the properties 
of «-glycerylphosphorylcholine has been found in a 
trichloroacetic acid extract of rat liver. This com- 
pound has a lower specific activity at 2 hr. than 
lecithin and may be a degradation product of the 
latter. 


The authors would like to thank Prof. B. S. Platt for his 
interest in this work and also Mr I. G. Campbell for his helpful 
suggestions. 
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The Quantitative Reactions of Thiols and Disulphides with Silver Nitrate 


By R. CECIL 
Department of Biochemistry, University of Oxford 


(Received 3 November 1949) 


1. The Estimation of some Thiols 
and Disulphides 


Most of the existing methods of estimating thiols 
depend on the quantitative oxidation of thiols to 
disulphide. Errors may result from the oxidation 
proceeding beyond this stage, or from other sub- 
stances present being oxidized simultaneously. 
A further difficulty arises when the amount of oxida- 
tion is measured colorimetrically, as the readings 
have to be compared against that given by astandard 
solution of the thiol concerned. Since most thiols, 
with the exception of reduced glutathione (GSH), 
oxidize appreciably in the presence of air, their 
standard solutions must be checked simultaneously 
by another method if errors are to be avoided. 

These remarks apply equally to the estimation of 
disulphides, since the available methods consist in 
reducing them in whole or in part to thiols and 
estimating the latter. 

A method making use of the direct reaction of the 
thiol group with a heavy metal would have ad- 
vantages over the oxidation methods. Kolthoff & 
Harris (1946) have devised an amperometric titra- 
tion method for thiols with silver nitrate. Benesch 
& Benesch (1948) reduced the scale of the method and 
applied it to biologically important thiols. They also 
applied it to serum proteins, but in doing so they took 
no account of the reaction between silver ions and 
disulphide groups (see Part 2 of this paper), which 
may well have affected their results. 

In the method to be described, which was de- 
veloped independently, the same reaction, namely 
the formation of silver mercaptide, is used, but the 
amount of free silver ion present is measured poten- 
tiometrically using a silver electrode. The addition of 
an excess of silver nitrate and estimation of the 
remaining free silver ion by back titration with 
potassium bromide, using the silver electrode to 
determine the end point, was found to be more 


convenient than a direct titration with silver 


nitrate. 

This method has also been adapted to the estima- 
tion of disulphides. These are first split by the action 
of sodium sulphite (Clarke, 1932), and the thiol 
formed is then estimated. 


EXPERIMENTAL 
Apparatus 


Since absolute measurements of electrode potentials are not 
required in this type of work it is permissible to use a calomel 
reference electrode together with a salt bridge. So long as the 
diffusion processes at the liquid junctions cause only small 
variations in the e.m.f. of the cell, the measurements made 
can be interpreted with sufficient accuracy in terms of the 
concentration of the ion, or the activity of its salt, to which 
the electrode is reversible. 

The arrangement used (Fig. 1) was designed to allow 
electrical contact to be made between the calomel electrode 
and the solution being titrated, without contaminating the 
latter with chloride. A good tap at A is essential, as any 
leakage results in chloride siphoning over into the titration 
vessel. Sufficient grease can be applied to the tap to prevent 
any leakage while still retaining adequate conductivity. 

The Ag electrodes consisted of thin Pt wire which was 
lightly plated with Ag just before use. They gave the theo- 
retical slope of 58 mV./pAg unit at 18° over the range pAg 3 
to pAg 9-10, where pAg = — log [Agt]. The glass electrodes 
were made according to MacInnes & Dole (1929) from 
Corning 015 electrode glass. All values of pH quoted were 
measured with them. Both the glass and the Ag-plated 
platinum electrodes were fused on to glass side arms which 
were conveniently mounted in lumps of plasticine on brass 
blocks. 

Potentials were measured with a standard Cambridge pH 
meter, used throughout as a millivolt-meter. Readings with 
the glass electrodes were reproducible to 1 mV. and with the 
Ag to 0-5 mV. When a glass electrode was being used, @ 
Weston cell was introduced-into the circuit in such a way that 
the glass electrode was always negative to the calomel 
electrode and so could be connected to the grid of the electro- 
meter valve. 
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The microburette used was of the type described by 
Heatley (1939), and was made from Hysil ‘Veridia’ tubing. 
Since the titration vessels could not be moved the burette was 
mounted on a counterpoised arm and raised and lowered by 
hand. The capacity was 1-15+0-01 yl./em. of length. 


Reagents 


Apart from those mentioned in this section, all the reagents 
used were commercial A.R. grade. 

Reduced glutathione (GSH). Dr R. B. Fisher very kindly 
provided a sample of crystalline GSH which he had prepared 
from yeast by the method of Hopkins (1929) as modified by 
Pirie (1930). 


Titration 
vessel 


Silver 
electrode 
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Method 


In one experiment GSH was titrated directly with 0-1 m- 
AgNO,. The free Ag ion concentration was calculated from 
the equation 


RT 
B=E? +—, In[Ag*]. 


E° was obtained from the Ag potential given by an 
0-01m-AgNO, solution. The amount of combined Ag was 
obtained by difference. 

In all the other experiments an excess of AgNO, was 
added to the thiol, and the remaining free Ag estimated by 
titration against 0-1 M-KBr. The titrations were followed by 


Calomel 
electrode 


10cm. 


Fig. 1. Diagram of the apparatus used for the potentiometric Ag titrations. The liquid bridge is filled with 0-1m-NH,NO, 
from the curved tip to B and from there to the calomel electrode with 3-5 m-KCl. The T-tube at the topis used for filling 
and then sealed with a rubber tube and clip. The air tube, used for stirring, was connected to a small vibrator pump. 


Oxidized glutathione (G,S,). This was prepared from the 
same sample of GSH by oxidation with H,O, at 0° according 
to the directions given by Schéberl & Hornung (1938). 
Yield 82%. 

Cystine. Commercial cystine was twice reprecipitated at 
pH 4-5 from acid solution. 

Cystine is very insoluble near neutrality, but it was found 
possible to make stable supersaturated solutions of just below 
10-*m. Approximately 20 mg. of cystine are added to 
100 ml. of water containing 0-5 ml. of 0-1mM-KOH. The sus- 
pension is shaken until the cystine has dissolved (about 1 hr.): 
it is then neutralized with 0-5 ml. of 0-1 m-HNO, and filtered 
to remove any nuclei that might start crystallization. 

Nitric acid. Pure HNO, was freed from oxides of N by 
blowing a rapid stream of air through for 5 min., and then 
immediately diluted to 0-1. . 

Silver nitrate. A.R. AgNO, was used. Solutions of 0-01m 
and below were found to be more stable if kept in Jena glass 
bottles which had been cleaned with ethanolic potash. 


plotting the readings of the Ag electrode against the volume 
of KBr solution added. This gives a sigmoid curve, the mid- 
point of which corresponds to the state 


Agg+ =Ap,-- 


This may be taken as the end point, since the activity coeffi- 
cients of the two ions are unlikely to differ appreciably. 

The solubility of AgBr is such that there will always be 
solid present as the end point is approached. In the presence 
of the solid 

[Agt].[Br-]=solubility product, 
and at the end point 
[Ag*]=[Br-]=,/(solubility product). 

Hass & Jellinek (1932) give the solubility product as 
6-3 x 10-15, so that at the end point, assuming the activity 
coefficients to be unity, the Ag ion concentration will be 
7-95 x 10-7 g. ion/l. = pAg 6-1. The Ag electrode potential at 
pAg 3=380 mV., so that at pAg 6-1, H,,=200 mV. 
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The midpoints of a large number of titration curves were 
determined graphically (by measuring the centre of the 
obviously straight part of the curve around the point of 
inflexion), and were found to lie within 197 +2 mV. under the 
conditions used. This suggests that the solubility product 
remains effectively constant under these conditions. Fig. 2 
shows the titration curves of 0-1 ml. of 0-01M-AgNO, 
(=10yl. of 0-1mM-KBr) in 1 ml. of water and in 1 ml. of 
0-1M-NH,NO,. Although the slopes of the two curves differ, 
the end-point potentials, determined graphically, are the 
same. The latter represents a much higher ionic strength than 
that normally used. The difference in end points (0-1 yl.) is 
due to a small amount of halide in the NH,NO, solution. 


300 


250 


Gag (mV.) 
N 
S 


150 


100 
7 8 9. i ott az 
0-1m-KBr (pl:) 


Fig. 2. Titration curve of 0-1 ml. of 0-01 m-AgNO, against 
0- 1M KBr. Curve A shows the AgNO, in 1 ml. of 0-1m- 
NH,NO, and curve B shows it in 1 ml. of water. The mid- 
point of both curves is indicated by the horizontal line. 


Once the apparatus has been calibrated, therefore, it is 
necessary only to determine the amount of KBr needed to 
bring the Ag electrode potential to 197 mV. The end points 
obtained in this way are reproducible to 0-1 yl. of 0-1m- 
solution, or 10-® g.equiv. 

In all these titrations proper mixing was essential, since 
very small volumes of relatively dense solution were being 
added. The air bubbler was arranged to switch on and off as 
required and was found to be a very efficient mixer. Some- 
times trouble was experienced with frothing, in which case 
a small drop of caprylic alcohol could be added without 
otherwise affecting the titration. 

Halide or silver content of reagents. This was determined by 
titrating a known amount of AgNO, mixed with a known 
amount of the reagent against standard bromide. When the 
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reagent was the salt of a weak acid the pH was first reduced 
to 2-2-5 with 0-1m-HNO,. Any difference of titre from that 
of the AgNO, alone is caused by Ag (excess titre) or halide 
(short titre). The results are given in Table 1. Some of the 
buffers used in Part 2 are included. 


Table 1. Estimation of the halide or silver content of 
reagents by titration of a fixed quantity of silver 
nitrate against standard potassium bromide in the 
presence of a known amount of the reagent 


AgNO, KBr 
Vol. used added va 
(ml, (pl. 
Substance 0-Imsoln.) 0-Imsoln.) 0-1 : cD 
NH,NO, 1-0 , 10 
Sodium acetate 0-2 i ie 
HNO, 0-5 10 0 0 
Sodium barbitone 0-2 10 
Na,SO, 0-2 10 °. - 
Picoline 0-2 10 10-0 
RESULTS 


Estimation of thiols 


For most of this work GSH was used as it is suffi- 
ciently stable for standard solutions to be made up 
by weight. 


400 


300 


En, (mV.) 
8 


100 


0 4 SHht we KH BS 
01m-AgNO, (corr.) (jul.) 


Fig. 3. Corrected titration curve of 2-0 ml. of 7-6 x 10-# 
M-GSH solution against 0-1M-AgNQ3. 


Fig. 3 shows the corrected curve, of combined 
silver against L,,, obtained when GSH (2-0 ml. of 
7-6 x 10-4m) was titrated with silver nitrate. The 
first part of the curve was flat because solid GSAg 
was present. After one equivalent of silver had been 
added there was a jump in potential, followed by 
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further silver uptake while a second equivalent was 
being added. By this time all the GSAg had redis- 
solved. Meanwhile the pH, initially 3-51, fell to 3-10 
after the first equivalent had been added and then 
stayed constant. 
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In fact, the pH may be reduced before adding the 
silver nitrate without affecting the result. 

Cysteine, prepared by the hydrolytic decomposi- 
tion of cystine (see Part 2), was found not to form a 
soluble complex with excess silver nitrate, and the 


Table 2. Estimation of GSH by back titration against 0-1M-KBr after the addition of a known excess of AgNO, 


(The table shows the effect of variations in the pH of titration and of the amounts of GSH and AgNO, used. The GSH 


solution was made up by weight to 1-24 x 10-*m.) 


Curve GSH 0-1m-AgNO, 
no. (ml.) (yl.) 
1 0-5 20 
2 0-5 20 
3 0-5 10 
4 1-0 20 
5 0-5 10 
6 1-0 20 
7 0-5 10 
8 0-5 10 


This kind of experiment showed the type of re- 
action that takes place between GSH and silver 
nitrate, but the curves obtained were too complex for 
precise end-point determination. 

The difficulties were overcome by adding silver 
nitrate in excess and back-titrating with potassium 
bromide. This had the additional advantage that the 
silver potential at the end point was the same re- 
gardless of the thiol being estimated. Even so the 
estimation of GSH was complicated by the firmness 
with which the second equivalent of silver was held. 
Thus if the bromide titration was carried out at 
pH 3-2 the uptake of silver was greater than one 
equivalent. Reducing the pH to 2-5 or less with 
0-lm-nitric acid loosened the attachment of the 
second silver and gave an uptake of only one equi- 
valent. 

However, when this was done the curve was no 
longer symmetrical near the end point, and the un- 
certainty in end-point determination remained. This 
was resolved by carrying out a series of titrations, 
using a standard GSH solution, at varying pH and 
with varying ratios of GSH and silver nitrate. These 
are summarized in Table 2 and Fig. 4. 

It appears that the following assumptions are 
justified: (a) that the slope of the curve below the 
inflexion point corresponds to that of silver nitrate 
titrated with potassium bromide in the presence of 
GSAg; (b) that the end point is the intersection of this 
part of the curve with the ordinate H,,=197 mV., 
assuming this to be the correct end-point potential 
for the apparatus in use. 

The end points given in Table 2 were obtained on 
these assumptions, and the correspondence of the 
GSH concentrations derived from them with the 
weighed concentration makes it unlikely that they 
are much in error. The curves in Fig. 4 also show that 
there is no reason to suppose that reducing the pH, at 
least to 1-85, liberates any of the mercaptide silver. 


0-1mM-KBr M (calc.) 
(ul.) pH of GSH x 108 
12-8 3-2 1-44 
13-75 2-0 1-25 
3-8 2-0 1-24 
7:7 1-85 1-23 
3-7 2-6 1-26 
7-5 2-5 1-25 
3°8 2-05 1-24 
3-85 1-92 1-23 


titration curve, with bromide, showed none of the 
complexity shown by GSH. The mercaptide pre- 





e 4 6 S 6. 2.4. 16 

0-1mM-KBr (jzI.) 

Fig. 4. Titration curves of GSH against 0-1 m-KBr after the 
addition of a known excess of AgNO, from the data given in 
Table 2. Titrations 3, 4, 7 and 8 give the same shaped 
curves as 2, and 5 the same shape as 6, so that only the 
curves relating to 1, 2 and 6 are shown. A, symmetrical 
curve at pH 3-2 giving the wrong end point. B, the same 
titration at pH 2-0 giving an asymmetrical curve but the 
correct end point. C, titration at pH 2-5 when the point of 
inflexion almost obscures the end point. 


cipitate contained some loosely bound silver which 
was liberated during titration, suggesting that a 
rather unstable and insoluble complex is formed. 
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Cysteine and GSH were also estimated in the 
presence of their disulphide forms. Disulphides 
undergo hydrolytic decomposition in the presence of 
silver nitrate (see Part 2), but this reaction can be 
stopped by reducing the pH sufficiently, so that any 
silver uptake can be ascribed to the presence of thiol. 

Samples of a G,S, solution, 1-0 ml. of 9-8 x 10-4m, 
were acidified with 0-1M-nitric acid, after which 
0-1 ml. of 0-01 m-silver nitrate was added to each and 
then titrated with bromide. The results given in 
Table 3 show that, provided the pH is below 2, the 
error introduced by presence of G,S, is small. An 
experiment with cystine at pH 2-0 showed no de- 
tectable decomposition. It is of course essential to 
acidify before adding the silver nitrate. 


Table 3. Titration of silver nitrate with KBr in the 
presence of G,S.z, 1-0 ml. of 9-8 x 10-4 solution, at 
different hydrogen-ion concentrations 


(The proportion of the G,S, reacting with the AgNO, 
before titration decreases with decreasing pH.) 


0-1M-KBr Percentage of 
pH (pl.) GS, split 
3-05 9-5 3-4 
2-4 9-7 2-0 
1-9 9-9 0-7 
Theory = 10. 


The titration curves of silver nitrate in the 
presence of G,S,, from the experiments just quoted, 
showed none of the anomalies either in shape or 
slope, of those in the presence of GSAg. This suggests 
that G,S, does not form a complex with silyer 
nitrate. 


An important difference between cysteine and 


glutathione silver mercaptides is that the former is 
photosensitive, whereas the latter is not appreciably 
so. Suspensions of cysteine mercaptide in silver 
nitrate solution go brown when exposed to normal 
daylight for any length of time. Since this coincides 
with a reduction in the amount of free silver ion 
present it is probable that the brown colour is due to 
the formation of colloidal silver. By contrast, a solu- 
tion of GSAg in excess of silver nitrate gave no colour 
in daylight or after 45 min. of strong ultraviolet 
irradiation. Because of this effect, suspensions of the 
cystine mercaptide should not be left standing ex- 
posed to light before estimation. 


Estimation of disulphides 


Clarke (1932) showed that sodium sulphite reacts 
with disulphides according to the equation 
RSSR + Na,SO,—= RSNa + RSSO,Na. 
Schéberl & Ludwig (1937) used a large excess of 
sulphite, 300 x the molarity of disulphide, in acetate 
buffer at pH 5-2, and estimated the thiol formed 
colorimetrically with Folin’s reagent. - 
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It was found that if the buffering were left to the 
sulphite, with a correspondingly higher pH, then 
very much less was needed to bring the reaction to 
completion. The thiol formed was estimated after 
acidification, as described in the previous section. 
Since sodium sulphite normally contains appreciable 
amounts of halide, this must be measured (see 
Table 1) and allowed for when calculating the amount 
of combined silver. 

Oxidized glutathione. The reactions were carried out 
in the titration vessels at room temperature, 1-0 ml. 
of approx. 10-°m-G,8, solution being used for each 
estimation. Table 4 shows the effect of varying the 
sulphite concentration: 5-10 mol. of sulphite/mol. of 


G,S, was shown to be sufficient. This gives a pH of © 


6-5-7. The reaction takes 10 min. to go to completion. 


Table 4. Estimation of G.S,. Determination of the 
amount of sodium sulphite required to react with all 
the GS, present 


(The GSH formed was subsequently estimated by the 


method described. The G,S, solution was originally made up 
as 1-90 x 10-?M.) 


Mol. Na,SO,;/mol. GS, ™ (calc.) of GS, x 10% 


3 1-74 
4 1-92 
5 1-88 
10 1-90 


Cystine. Since cysteine is rapidly oxidized by air 
the reactions were carried out at room temperature 
in 0-5 in. (12 mm.) test tubes into which a stream of 
oxygen-free nitrogen was bubbled through a fine- 
drawn capillary. Normally 1-0ml. of approx. 
10-*m-cystine solution was used, together with the 
required amount of 0-1m-sulphite: 1-0 ml. of the 
mixture was pipetted off at the end of the reaction, 
added to the silver nitrate, and acidified to pH 2-2-5. 


Table 5. Estimation of cystine. Determination of the 
amount of sodium sulphite required to react with all 
the cystine present 
(The cysteine formed was estimated by the method de- 


scribed. The cystine solution was made up by weight to 
0-83 x 10-$ M.) 


Mol. Na,SO,/ M (cale.) of 
mol. cystine cystine x 108 
10 0-80 
15 0-81 
20 0-83 
25 0-83 


The reaction is complete in 20-25 min. and 30 min. 
was taken as standard. The effect of varying the 
sulphite concentration is shown in Table 5. There is 
a wide range of concentrations in which the reaction 
goes almost, but not quite, to completion ; 25 mol. of 
sulphite/mol. of cystine was taken as standard. This 
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gives a pH of approximately 8-5. Cysteine silver 
mercaptide is soluble in sodium sulphite, but the 
solution is still photochemically active. 


DISCUSSION 


With silver nitrate, GSH undergoes the same type of 
reaction as it does with cuprous sulphate (Hopkins, 
1929; Pirie, 1931). The fact that G,S, does not show 
signs of complex formation with silver nitrate sug- 
gests that the second equivalent of silver in the 
GSAg complex is bound either to the sulphur or to the 
mercaptide silver. 

The cysteine silver mercaptide precipitate also 
binds additional silver, though less firmly than 
GSAg, suggesting that it forms an insoluble and 
rather unstable complex. This is in accord with 
Vickery & Leavenworth’s (1930) description of a 
compound (C;H;NSO,Ag),.Ag,SO, arising from the 
reaction of cystine with silver sulphate. Challenger 
& Rawlings (1937) found that ethanethiol reacts 
with mercuric chloride to give an insoluble complex 
of composition C,H,SHgCl.HgCl,. These results 
suggest that most thiols will tend to give complexes 
with heavy metal salts, but leave unexplained the 
marked differences in solubility (Pirie, 1931) of these 
complexes. 

The potentiometric titration method was worked 
out empirically, as the theoretical treatment ap- 
peared to be very complicated. The apparent con- 
stancy of the solubility product of silver bromide 
over the range of conditions used is rather surprising, 
but it agrees with the results of Ruka & Willard 
(1949). They found that the solubility of silver 
bromide in water, and in nitric acid solutions ranging 
from 0-03 to 1-0M was the same within their experi- 
mental error. 

It is hoped soon to adapt these methods of thiol 
and disulphide estimation to work on proteins. 
However, the reactivities of these groups in different 
proteins are likely to differ, and it will be necessary to 
reinvestigate the conditions of reaction for each 
protein. 


2. The Hydrolytic Fission of Disulphides 


It is well known that large differences exist in the 
reactivities of the sulphur groups of different thiols 
and disulphides. These differences have generally 
been demonstrated in the past under rather violent 
conditions. "hus Brand & Sandberg (1926) measured 
the amou... of sulp ur removed from thiols and di- 
sulphides by boiling in 0-1N-sodium carbonate for 
10 min. or by standing for many hours in a mixture 
of N-sodium hydroxide and lead acetate. Schdherl 
& Hornung (1938) heated the various sulphur com- 
pounds with n-sodium hydroxide at 100° for 2 hr. 
and analysed the breakdown products. It was 
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thought that an attempt to relate such differences in 
sulphur reactivity in simple compounds to differ- 
ences in their molecular structure might throw light 
on similar differences which exist in protein sulphur 
groups. In the experiments just quoted the sub- 
stances concerned underwent considerable disin- 
tegration, bonds other than those involving sulphur 
being broken. For the study proposed a much milder 
reaction was required in which only the sulphur 
bonds were involved. Such a reaction was found in 
the hydrolytic fission of disulphides in the presence of 
silver nitrate. The nature of hydrolytic fission re- 
actions was first demonstrated by Schiller & Otto 
(1876) and later by Fromm (1908). They boiled 
diphenyl! and di-p-toluyl disulphides with ethanolic 
potash and showed that the reaction went according 
to the following equations (Ar=aryl radical). 


2Ar.8.S.Ar+2H,0 ——= 2Ar.SH + 2Ar.SOH, 
2Ar.SOH == Ar.SH + Ar.SO,H. 


The same type of reaction takes place in the 
presence of heavy metal salts. The function of the 
metal is to remove the thiol from the system as an 
insoluble mercaptide. Thus Challenger & Rawlings 
(1937) have shown that when diethyl disulphide is 
treated with mercuric chloride 75 % of the sulphur is 
found in an insoluble precipitate of composition 
C,H,SHgCl. HgCl,. 25% remains in solution as the 
sulphinic acid (Biackburn & Challenger, 1938). 

Lavine (1937) has shown that cystine reacts in the 
same way when it is treated with mercuric sulphate 
solution. Some of the cystine sulphinic acid was 
isolated, and this was used by Ryklan & Schmidt 
(1944) to demonstrate the reverse reaction, i.e. 
RSO,H + 3RSH >2RSSR+2H,0. The oxidation- 
reduction potentials of mixtures of known amounts 
of cystine sulphinic acid, cysteime, and cystine were 
measured. The results agreed with those calculated 
on the assumption that all the sulphinic acid had 
reacted with cysteine to form cystine. 

In a study of the dismutation products of cystine 
disulphoxide Lavine (1936) found that the sulphinic 
acid is the most stable of the intermediate oxidative 
products of cysteine and shows no tendency to dis- 
mute further, e.g. to cysteic acid. 

Vickery & Leavenworth (1930) added a saturated 
silver sulphate solution to a solution of cystine in 
sulphuric acid and neutralized with sodium hyd- 
roxide. The precipitate (C,;H;NSO,Ag),.Ag,SO,, 
accounted for approximately 90% of the original 
cystine. A small amount of cysteic acid was isolated 
from the filtrate. The reason for the reaction going 
beyond the sulphinic acid stage is not clear, though 
the local high pH’s induced by the addition of 
0-8n-sodium hydroxide may have been partly 
responsible. 

The substances chosen for comparative investiga- 
tion in this work were cystine and G,S,. At concen- 

37 
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trations of around 10-*m and within the range 
pH 4-5-9 they reacted with silver nitrate at speeds 
suitable for kinetic studies. The evidence just quoted 
was considered sufficient to justify the assumption 
that the reactions would go according to the equa- 
tions: 

2RSSR + 2H,O => 2RSH+2RSOH, (1) 

2RSOH == RSH + RSO,H, (2) 

3RSH + 3Ag+ —> 3RSAg+ 3Ht. (3) 


This assumption was confirmed by the finding 
that whenever the reactions went to completion the 
amount of thiol formed agreed exactly with that cal- 
culated from these equations. The reactions were 
carried out in the presence of an excess of silver 
nitrate, so that estimation of the free silver ion re- 
maining at any stage of the reaction (by the titration 
method described in Part 1) gave a measure of the 
amount of thiol that had been formed. It was found 
that all the buffers used, with one exception, played 
some part in the reactions. For this reason the ex- 
perimental results are given under the main headings 
of the buffers with subheadings for the substrates. 

The results obtained confirm that, over the range 
of conditions used, both the rates and the mechanism 
of the reactions of cystine and of G,S, show consider- 
able differences. 

An attempt has been made to relate these differ- 
ences to the molecular structures of the two sub- 
stances. 


KINETIC THEORY 


A simple kinetic treatment was found useful in inter- 
preting the results. The assumptions made were: 
(a) That (1) is the limiting reaction with the equi- 
librium on the side of the disulphide. Attempts to 
isolate the sulphenic acid have failed (Fromm, 1908; 
Lavine, 1937) supporting the assumption that (2) is 
rapid relative to (1). (6) That once RSH has reacted 
with silver ion to give RSAg (3), it takes no further 
part in the reaction. The reaction may be summarized 
as 





k 
2R,8,+ 2H,O — 3RSH + RSO,H, (4) 
so that working in equivalents 
4d(RSH) d(R,S,.) . 
i<-« °° « oe 


If c equiv./l.=initial concentration of R,S, and 
x=reacted concentration of R,S,=% times silver 
uptake in equivalents, then 


dx k 
dt os 
1 dz 
and ———- S05 
c—<x dt 


integrating, 


—In(e—x)=kt + constant, 
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when t= 0, then constant = —In c, and so 
ete 
c—2x 
] log ( ) . t 
or _ c—2)=——..t. 
or og c—log 3-308 


If the reaction is unimolecular in respect of disul- 
phide, then a straight line should be obtained by 
plotting log (c— x) against time: this was sometimes 
so and sometimes not. Attempts to explain the 
deviations on kinetic grounds were unsuccessful, but 
the comparative deviations from a linear plot proved 
to be a useful criterion. 


EXPERIMENTAL 


The reaction mixtures were incubated at 37° in tightly 
stoppered boiling tubes. Owing to the photosensitivity of 
cysteine silver mercaptide a light-proof water bath was used. 

Samples (1-0 ml.) were pipetted off into titration vessels 
containing sufficient 0-1mM-HNO, to bring the pH to 2-0 in 
order to stop the reaction. The solutions containing cystine 
were exposed to light as little as possible during sampling and 
any that developed a brown colour through over-exposure 
were rejected. It was also necessary to stir the cystine 
solutions before sampling, by blowing through the pipette, as 
the cysteine mercaptide precipitate contained loosely bound 
silver which came off during titration. The free silver ion in 
the samples was determined by titration against 0-1mM-KBr 
as described in Part 1. 

The choice of buffers was limited to those which do not 
precipitate silver ions or bind them strongly. This ruled out 
phosphate, borate and the glyoxaline derivatives. Those used 
were acetate, «-picoline and sodium barbitone. The buffer 
concentration was normally around 0-01M. The halide con- 
tent of all reagents used was measured as described in Part | 
and allowed for. This was particularly important for sub- 
stances (such as buffers) which were present in relatively high 
concentrations. 

The samples of cystine, GSH, and G,S, were the same as 
those used in Part 1. The concentrations of the cystine and 
G,S, solutions used were checked by the method described 
in Part 1. 


RESULTS 


Reactions in acetate buffer 


Oxidized glutathione. The first two experiments 
with G,S, in acetate buffer are given in detail 
(Table 6) to illustrate the method. The kinetic plots 
are shown in Fig. 5, curves A and B. 

Solution A had a ratio of total silver added to 
mercaptide-bound silver at the end point of 3-0 and 
gave a linear, i.e. unimolecular plot. Solution B had 
a ‘silver ratio’ of 1-5 and the kinetic plot was not 
unimolecular although the reaction went to the end 
point. Accordingly in subsequent experiments the 
silver ratio was kept at 3-0 or higher. 

As already pointed out two equivalents of silver 
are bound in the GSAg-silver nitrate complex, a fact 
which should be taken into account when calculating 
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Table 6. Reaction of GS, with silver nitrate in acetate buffer 
(Solution A: 1 ml. G,S,, 2-23 x 10-m; 10 ml. AgNO,, 10-*m; 2 ml. sodium acetate, 10-'m, pH 6-0. Solution B: 2 ml. 
G,S,, 2-23 x 10-*m; 10 ml. AgNO,, 10-*m; 3 ml. sodium acetate, 101m, pH 5-8. 1-0 ml. samples taken for titration. The 
titration figures are given in pl. 0-1mM-AgNO,. The amount of G,S,/ml. in A=1-7 yl. and in B=3-0yl. of 0-1N-G,S,. 
Equation (4) shows that 1 mol. of G,S, gives rise to 1-5 mol. of GSH, and so at the end point the uptake of silver should be 
1. 2-55 pl./ml. and 4-45 yl. 0-1 m-AgNO, for A, and B, respectively. The total Ag present initially per ml. was A =7-7 pl. and 
yy B=6-7 pl. of 0-1 m-AgNO, ; from this must be substracted 0-1 yl. to allow for the chloride content of the acetate.) 
° Time Combined 
1€ ——— Titre Ag 
it hr. min. (ul. 0-1 mM-AgNO,) (yl. 0-1 m) c x log (¢ — 2) 
d Solution A 
0 O — _— 3°45 0 0-54 
0 20 6-8 0-8 3°45 1-07 0-38 
0 40 6-5 Fy 3-45 1-47 0-30 
} 1 20 6-0 1-6 3-45 2-13 0-12 
3 15 5-2 2-4 3-45 3-20 ~ 0-70 
ly 4 15 5-0 2-6 3-45 ~ — 
of 10 0 5-0 2-6 — me a 
d. 
Js Solution B 
0 O — — 5-95 0 0-77 
we 0 15 6-0 0-6 5°95 0-8 0-71 
d 1 0O 4:8 1-8 5-95 2-4 0-54 
. 1 50 4-1 2-5 5-95 3-3 0-42 
re 4 30 3-1 35 5-95 4-65 0-11 
ne 8 55 2-9 3-7 5-95 4-9 0-01 
as 9 15 28 38 5-95 5-1 - 0-07 
1d 20 30 2-7 3-9 5-95 — —_ 
i. 48 0 2-2 44 on — si 
Br 
ot the silver ratio. However the cysteine mercaptide 
ut complex is less stable than the complex with GSAg 
, and the stability of both complexes varies with the 
er PH (see Part 1). In view of these complications the 
2 arbitrary method of basing the silver ratio on the 
; mercaptide-bound silver only was used. 
h The next experiment, curve C in Fig. 5, shows the 
reaction of G,S,in acetate at pH 4-5. Like ‘B’ it gave 
a8 a@ non-unimolecular plot, but differed in that it did 
d a not go to the end point in measurable time. These 
od v three types of reaction so far described are typical, 
bo and it is convenient to classify them. 
a Type I. Reaction unimolecular, end point 
reached. 
Type II. Reaction not unimolecular, end point 
is reached. 
il Type III. Reaction not unimolecular, end point 
s not reached. 


The reactions of G,S, at pH 6 and 4-5 are pro- 
foundly different in character and it was desirable to 
d -08 find out at what pH the transition occurs. To this 
end four solutions were made up identical, except for 
their pH. One had a buffer of pure sodium acetate ; 
d Time (hr.) the other three had, in addition, successive amounts 
of nitric acid. The silver uptake, expressed as the 
percentage of disulphide split, was plotted against 
pH, A after 2 hr., and B after 5 hr. (Fig. 6). This 





@ | Fig. 5. Kinetic plots of the reaction of G,S, with AgNO, in 
acetate buffer from the data given in Table 6. Ag ratio= 


r Total initial Ag/Mercaptide-bound Ag at the end point. oo . 
t A, pH 6, Ag ratio=3-0; B, pH 5-8, Ag ratio=1-5; C, Shows the transition to take place between pH 5 and 
g pH 4-9, Ag ratio =3-0. 5:5. 
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Cystine. The results with cystine in acetate are 
shown by curves A and B in Fig. 7. ‘A’, at pH 6-2, 
was a type IT reaction since the end point was 
reached in 48 hr. ‘B’, at pH 4:9, was a type III 
reaction since it practically stopped after 4 hr. 
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Fig. 6. Effect of pH on the G,S,-AgNO, reaction in acetate 
buffer. The reaction was carried out at four separate values 
of pH and measurements made after 2 hr. (curve A) and 
after 5 hr. (curve B). 


There are reasons, which are mentioned in the 
Discussion, for thinking that the equilibrium con- 
centration of cysteine in the presence of cystine is 
considerably lower than the corresponding concen- 
tration of GSH. In this and subsequent experiments 
with cystine the silver ratio was accordingly raised 
to 4-0 to reduce the possibility of (3) being the limiting 
reaction. This was as high as it could be raised with- 
out loss of accuracy in following the reactions. 


Reactions in «-picoline buffer (a) 

Cystine. «-Picoline was found to have a pK, of 
approximately 6-1 by titration against nitric acid; it 
was used at a molar concentration 100 times that of 
the disulphide to give a pH of 6-9-7-0. At this pH 
cystine might have been expected to approach to a 
type I reaction. In fact it was nearer type III, 
(curve C in Fig. 7), though it did show differences 
from the reaction in acetate at pH 4-9 (curve B in 
Fig. 7). The reaction went further in picoline, 50% 
of completion as against 22%, and the curve does 
not show the marked change of slope that the re- 
action at low pH (of G,S, as well as cystine) does. 
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It was found that small additions of acetate acted 
catalytically and restored the type IT reaction, the 
rate being slightly greater than in acetate at pH 6-2. 
Curves D, HE and F in Fig. 7 show the effect of 
adding acetate in 1, 5 and 25 times the molarity of 
the cystine. Increasing the amount beyond 5 mol. 
makes little, if any, difference to the rate of reaction. 


© 
i 
oa 


log (c—x) (1 division = 01 unit) 





Time (hr.) 


Fig. 7. Kinetic plots of the cystine-AgNO, reaction under 
various conditions. A, reaction in acetate buffer at pH 6-2; 
B, reaction in acetate buffer at pH 4-9; C, reaction in 
picoline buffer at pH 7-0. D, reaction in picoline buffer at 
pH 7 +acetate (1 mol./mol. cystine) ; Z, reaction in picoline 
buffer at pH 7 + acetate (5 mol./mol. cystine); F, reaction 
in picoline buffer at pH 7 + acetate (25 mol./mol. cystine). 
For the sake of clarity in drawing this and subsequent 
graphs the curves were shifted along the ordinate when 
necessary, since only their slopes and shapes are to be 
compared. The figures relating to log (c — x) are not given 
therefore, but the scale is. 


Oxidized glutathione. The following experiments 
were tried with G,S, in «-picoline: (1) G,S, in picoline 
at pH 5-9; (2) G,S, in picoline at pH 7; (3) G,S, in 
picoline at pH 7+ acetate (25 times molarity of the 
G.S,); (4) GS. in picoline at pH 7 without silver 
nitrate. 

Curves A and B in Fig. 8 show that the reaction in 
picoline at pH 5-9 was slightly slower than the re- 
action in acetate at pH 6. At pH 7 (Fig. 8, curve C) 
the reactions in the presence and absence of acetate 
proceeded identically. These results suggest that the 
G,S, reaction is only very slightly affected by acetate 
catalysis. Exp. 4 was done to see whether any re- 
action takes place in the absence of silver. The solu- 
tion was incubated at 37° for 2 hr. and then analysed 
for GSH (as described in Part 1). None was found. 
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Reactions in barbitone buffer 


Cystine. Anexperiment was tried with cystine in 
this buffer at pH 8-9 in the hope that the higher pH. 
might induce a unimolecular reaction. This time, 
however, the uptake of silver was entirely inhibited. 
Two explanations seemed possible: (1) the cystine 
remained intact, protected in some way by the 
barbitone; (2) the reaction took place, but the 
cysteine formed combined with the barbitone in- 
stead of with the silver. 

To test (2) cysteine ester hydrochloride was incu- 
bated under nitrogen at 37° with an excess of 
barbitone and then analysed for thiol+ chloride in 
the usual way. After 5 hr. incubation there was a 
97 % recovery of cysteine ester hydrochloride. This 
small loss can be explained by a slight leakage of 
oxygen, and explanation (2) is therefore invalid. 


log (c—x) (1 division = 0-2 unit) 





Time (hr.) 


Fig. 8. Kinetic plots of the G,S,-AgNO, reaction under 
various conditions. A, reaction in picoline buffer at 
pH 5-9; B, reaction in acetate buffer at pH 6; C, reaction 
in picoline buffer at pH 7, and reaction in picoline buffer at 
pH 7 + acetate (25 mol./mol. G,S,). D, reaction in barbi- 
tone buffer at pH 9-1. 


Oxidized glutathione gives a type I reaction in 
barbitone (Fig. 8, curve D), but it is considerably 
inhibited, the rate being less than that in picoline at 
pH 7. 

Cystine + oxidized glutathione. An attempt was 
made to use this inhibitory effect of barbitone in 
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analysing mixtures of cystine and G,S,. However, 
when a mixture of cystine and G,S, was incubated 
with silver nitrate in barbitone buffer, the silver 
uptake showed that the cystine, as well as the G,S,, 
had reacted completely. It was then found that 
cysteine silver mercaptide is soluble in solutions of 
GSH and G,S, and loses most of its photochemical 
activity once dissolved. This suggests that the 
cysteine mercaptide in these soluble complexes is 
behaving like GSAg. Thus the explanation for the 
unexpected absence of inhibition could be that 
cystine forms a reactive complex with G,S, as well as 
an unreactive one with barbitone. 

There are two further observations which may be 
included here. First, if acetate is added to the 
barbitone in place of G,S, the inhibition remains. 
Secondly, if barbitone is added to a mixture of 
cysteine and sodium sulphite the reaction proceeds 
normally. These results are consistent with the fact 
that cysteine silver mercaptide, and therefore pre- 
sumably cystine, does not form a complex with 
acetate but does with sodium sulphite. 


log (c-x) (1 division =0-1 unit) 





Time (hr.) 


Fig. 9. Kinetic plots of the cystine-AgNO, reaction in 
picoline buffer at pH 7 when catalysed by GSH. 
Mol. GSH/ 


Ag ratio mol. cystine 
A 3-1 1-0 
B 3-1 1-5 
Cc 4-2 1-0 
D 4-2 1-5 


Reactions in «-picoline buffer (b) 


Cystine. So as to investigate the effect of gluta- 
thione on cystine with a minimum of other complica- 
tions, «-picoline was again used as the buffer with 








GSH as the catalyst. Two solutions were made up 
containing, respectively, 1-0 and 1-5 mol. of GSH/ 
mol. of cystine. The pH was 7-0 in each case. The 
reactions (Fig. 9, curves A and B) were still type IT 
although the rate was the highest so far obtained 
with cystine. The silver ratio was 3-1 calculated on 
the assumption that the GSH was removing only one 
equivalent of silver from participation in the re- 
action. The experiment was repeated with a larger 
excess of silver, so that the silver ratio was 4:2, or 2-9 
after allowing for the GSH removing two equivalents. 
This time (Fig. 9, curves C and D) type I reactions 
resulted, with the rates very similar for the two con- 
centrations of GSH and comparable with the G,S, 
reaction in acetate at pH 6. Thus, when in the 
presence of GSH, cystine can resemble G,S,. 


DISCUSSION 
The classification of the reaction kinetics into three 
types requires further explanation. 

The reactions of G,S, will be considered first as 
they are simpler than those of cystine. Three types of 
reaction have been found which have been arbi- 
trarily classified as types I, II and III. In type I the 
initial splitting of the disulphide bond may be con- 
sidered to be the limiting process as the kinetics show 
that the reaction is unimolecular in respect of di- 
sulphide. In the type II reactions this is not so, since 
the reactions become relatively slower as they pro- 
ceed, and some other process must be the limiting 
one. This could be either the dismutation of sulphenic 
acid or the reaction of thiol with silver nitrate. With 
G,S, it was shown to be the latter, since raising the 
silver nitrate concentration was sufficient to restore 
the type I reaction. The type ITI reactions are neither 
unimolecular, nor do they go to the end point. With 
G,S, they occur at pH below 5. The fact that the end 
point is not reached suggests that an accumulation of 
the reaction products must occur and that equi- 
librium is reached after a time. This could be ex- 
plained by assuming that, under the conditions used, 
it is RSO- which dismutes and not RSOH. Thus at 
low pH when the unionized form predominates, the 
dismutation reaction becomes slow, so that the con- 
centration of unionized sulphenic acid increases, and 
any thiol present will tend to react with it to give 


2RSSR + 2H+ +20Ac~- ————> 2RSH + 2RSOAc 
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The reactions of cystine are more complicated. 
Except in the presence of glutathione, it never gave 
a type I reaction. This means that in all other cases 
the limiting process was either dismutation or mer- 
captide formation. By analogy with the oxidation- 
reduction potentials and the pK,’s of the SH groups 
(Table 7), it is to be expected that the equilibrium 
concentration of cysteine in reaction (1) is consider- 
ably lower than that of GSH, and the increased 
silver nitrate concentration used for the cystine 
experiments may have been insufficient to allow for 
this. Even when catalysed by GSH the reaction of 
cystine was still more affected by variations of the 
silver-ion concentration than that of G,S,. 

The type ITI reactions of cystine may be explained 
on the same basis as those of G,S,, though there is no 
sudden transition from type III to type I. In acetate 
buffer there is a transition from type ITI at pH 4-9 to 
type II at pH 6-2. By analogy with the pK,’s of the 
—SH groups (Table 7) the pK, of cysteine sulphenic 
acid should be slightly higher than that of gluta- 
thione sulphenic acid. Thus one would expect the 
‘transition pH’ of cystine to be slightly above that of 
G,S,, assuming that it is indeed related to the pK, 
of the sulphenic acid. The behaviour of cystine in 
picoline at pH 7, when the reaction appears to be 
borderline between types II and III, can only be 
explained by assuming that, near the transition pH 
and in the absence of acetate, the dismutation of 
RSO™ is still extremely slow. 

The mechanism suggested for the acetate catalysis 
is analogous to the reactions of sulphite and cyanide 
with disulphides, with the difference that the acetate 
compound must have a limited life. 


RSSR + NaOAc == RSNa+[RSOAc]. 
The actual splitting of the —S—S— link is probably 
preceded by an electronic asymmetry, i.e. 
RS*t_“SR+H++OH- ==> RSH + RSOH, 
and this could be initiated by collision with an 
acetate ion. 

One still has to explain how it is that although 
acetate ion catalyses both the cystine and G,S, re- 
actions, yet type III reactions occur in acetate buffer 
at low pH. A possible explanation is provided by the 
reaction scheme below: 


RSOz + RSH +20Ac~ + 3H+ 
(5) t 





(a) | 2H,O (c) 


2HOAc +2RSOH ~————— 2RSO- + 2H* 


disulphide, rather than with silver ion. This argu- 
ment presupposes the pK, of glutathione sulphenic 
acid to lie in the region of 5-5-5. No figures are 
available, but such a value is thought not to be un- 
reasonable. 


In this it is assumed that (c) is a relatively slow re- 
action while (b) is relatively rapid: (a) is a strongly 
acid-catalysed reaction. Thus at low pH (qa) is rapid 
so that (b) does not occur. Also at low pH, RSOH 
predominates over RSO~ so that altogether dismuta- 
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tion is very slow, and a type III reaction results. At 
higher pH (a) becomes slow so that (b) can occur 
rapidly. 

The catalysis of the cystine reaction by GSH and 
G,S, differs from acetate catalysis because it involves 
the formation of complexes. The behaviour of mix- 
tures of cystine and GSH or G,S, suggest that, in the 
complex, cystine takes on some of the properties of 
G,S,- 

There is sufficient evidence available to suggest a 
possible reason for the difference in sulphur re- 
activity of cystine-cysteine and G,S,-GSH, re- 
spectively. 

In Table 7 are given the reported values of the 
pK,’s of the thiol groups of cysteine and GSH, and 
the oxidation-reduction potentials of the two thiol- 
disulphide systems. Ryklan & Schmidt’s (1944) 
values for the oxidation-reduction potentials are 
thought to be reliable because, in their experiments, 
in contrast to those of earlier workers (Dixon & 
Quastel, 1923; Michaelis & Flexner, 1928), true 
equilibrium between the thiol and disulphide forms 
was obtained. 


Table 7. Oxidation-reduction potentials and 
pK,’s of the SH of certain thiols 


Ee 
RSH (v.)* pK, 
Cysteine 0-27 10-28t 
GSH 0-45 9-62t 


* Ryklan & Schmidt (1944). 
+ Cannan & Knight (1927). 
t Pirie & Pinhey (1929). 


These figures, and the differences in photochemical 
activity, all point to the fact that the sulphur in 
G,S,-GSH is more electropositive than it is in 
cystine-cysteine. This can be accounted for by 
postulating some form of electrostatic bond in 
G,S,-GSH which has the effect of drawing electrons 
away from the sulphur. That which appears most 
likely is a hydrogen bond between the sulphur and 
the —NH,* of the glutamy]l radical, the hydrogen 
coming from the amino group so that the mercaptan 
hydrogen is left free to react. Experiments with 
Hirsch-Fischer models show that there is no obvious 
steric objection to this. 

Because of the failure of hydrogen sulphide, the 
thioalcohols, and thiophenols to exhibit the high 
degree of molecular association shown by their 
oxygen analogues, it has often been assumed that 
sulphur has little tendency to form hydrogen bonds. 
However, Hopkins & Hunter (1942) have shown that 
a number of compounds, notably the thioamides, 
show molecular association in naphthalene solution, 
which they ascribe to S—H-—N bonds. They found 
that this behaviour is only shown by compounds in 
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which tautomeric exchange of the hydrogen between 
the nitrogen and sulphur is possible. 

Obviously no tautomerism is possible in G,S, or 
GSH. On the other hand, they both have a positively 
charged amino group which could form hydrogen 
bonds with the sulphur by chelation instead of by 
polymerization. 

The idea is put forward as a working hypothesis 
because it does offer an explanation for a number of 
otherwise unexplained facts. For example the effect 
of GSH and G,§, on cystine and cysteine may be ex- 
plained by assuming that, in the complexes, some of 
the hydrogen bonding is transferred to cystine or 
cysteine. 

It is possible, too, that the wide differences in 
sulphur reactivity in relatively simple compounds 
reported by Brand & Sandberg (1926) and Schéberl 
& Hornung (1938) may be explained by the existence 
of bonds of this nature. 

More important are the well known differences in 
reactivity of the sulphur groups in proteins, in 
particular the ‘appearance’ of thiol groups on de- 
naturation. In the native protein these groups could 
be hydrogen bonded to the extent that they will no 
longer react with nitroprusside and other thiol re- 
agents. On denaturation these bonds are broken 
and the thiol groups then behave in a manner 
approximating to that of cysteine. 


SUMMARY 


Part 1 


1. It was shown, by means of a potentiometric 
titration, that reduced glutathione (GSH) reacts 
with one equivalent of silver nitrate to form a silver 
mercaptide and with a second equivalent to form a 
soluble complex. 

2. This reaction was used in the estimation of 
GSH. An excess of silver nitrate was added to the 
GSH, and the free silver ion remaining was estimated 
by back-titration with potassium bromide. This 
titration was also followed potentiometrically; the 
end points were reproducible to 10-* g.equiv. The 
method can be used for other thiols. 

3. It was shown that thiols may be estimated in 
the presence of disulphides by this method. The solu- 
tion must first be acidified to pH 2-0 with dilute 
nitric acid in order to prevent the hydrolytic de- 
composition of the disulphides. The reaction between 
thiols and silver nitrate is not affected by this re- 
duction of pH. 

4. Cystine and oxidized glutathione (G,S,) were 
estimated by reaction with sodium sulphite, 
followed by estimation of the thiol formed by the 
method described. The conditions for the reaction 
with sodium sulphite were reinvestigated. 
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Part 2 


5. The reaction kinetics of the hydrolytic decom- 
position of G,S, and cystine in the presence of an 
excess of silver nitrate were studied under various 
conditions. The reactions were classified into three 
main types. 

6. Acetate was shown to catalyse the reaction of 
cystine and, to a much lesser extent, that of G,S,. 
Similarly, barbitone inhibited the cystine reaction 
completely, but that of G,S, only slightly. 

7. In the presence of GSH and G,8,, cystine was 
shown to behave in a manner resembling G,S,. 

8. Tentative explanations for the three different 
types of reaction kinetics are put forward. 
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9. A possible explanation for the greater re- 
activity of the sulphur in GSH and G,S, as compared 
with that in cysteine in cystine is given. This involves 
a hydrogen bond between the sulphur in GSH and 
G,S, and the —NH,* group of the glutamy] radical. 


My thanks are due to Dr A. G. Ogston for much helpful 
advice, and to Dr R. B. Fisher for the gift of glutathione. 

Correction. Subsequent work has disclosed an impurity 
in the a-picoline used in Part 2 of this work. The cystine- 
silver nitrate reaction carried out with purified «-picoline 
at pH7-0 is Type II and not Type III. Curve C in Fig. 7 
becomes intermediate between curves A and D. No other 
results are affected. Details will be given in a later 
publication. 
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Comparative Studies of ‘ Bile Salts’ 
1. PRELIMINARY SURVEY 


By G. A. D. HASLEWOOD ann VERYAN WOOTTON 
Guy’s Hospital Medical School, London, S.E. 1 


(Received 3 April 1950) 


Bile is apparently produced by all vertebrates, and 
the ‘bile salts’ might perhaps be described as 
physiologically the most important constituent. In 
the absence of complete data and a knowledge of the 
problems of digestion and absorption to be solved by 
each species, it is hardly possible at present to 
speculate profitably about the. efficiency (for di- 
gestion and absorption) of different biles. It is, how- 
ever, of some interest that the nature of the bile 
salts is by no means constant, but sometimes shows 
considerable differences as between species and 
species. Many of these differences are, chemically, 
considerable ; they do not appear to be dependent on 
temporary variations of environment, but are 


apparently characteristic of, and invariable in, a 
species. 


It seems, therefore, that we may have in the 
chemical nature of bile salts a character which will be 
of some value as a clue to species characterization, 
and which might even be an aid in the study of 
evolutionary history. 

Any such possibility can only be explored after a 
wide comparative survey of the occurrence of 
different bile salts. Such a survey appears to have 
been begun by Japanese workers between about 
1920 and 1941, largely as an attempt to find and 
identify intermediates in the assumed oxidation of 
cholesterol to the bile acids. A comprehensive col- 
lection of results does not appear in the literature: 
we have attempted to fill this gap in Tables 1-4. To 
avoid multiple references these tables refer to col- 
lections of data already made by Sobotka (1937) and 
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Fieser & Fieser (1949), but their compilation has 
involved in addition extensive search in the liter- 
ature. In the tables, results as claimed by authors 
are given ; some of these claims are untenable and are 
critically discussed later. Of the six species of birds 
examined, all contained chenodeoxycholic acid, and 
in three species small amounts of cholic acid were 
detected (Sobotka, 1937; Sobotka & Bloch, 1943). 
We have also included the results of our own pre- 
liminary examinations of the bile salts of a number of 
species. 

We have tried to work out methods for the 
characterization of bile salts which will be generally 
applicable to small quantities. In the course of our 
work we have already encountered a number of sub- 
stances not hitherto described. 

Preliminary communications on this work have 
already appeared (Haslewood & Wootton, 1950). 


METHODS 


General. All melting points are uncorrected. 
Aluminium oxide was obtained from Hopkin and 
Williams Ltd. Micro-analyses were done by Drs 
Weiler and Strauss, Oxford, or by Dr A. T. Macdonald. 
Lp.=light petroleum (b.p. 40-45°). H-test = Ham- 
marsten’s hydrochloric acid test (Haslewood, 1943). 
20% chromic acid refers to a solution made by dis- 
solving chromium trioxide (20 g.) in the minimal 
amount of water and making to 100 ml. with acetic 
acid. Whenever cholic acid, ethyl cholate, dehydro- 
cholic acid or ethyl dehydrocholate were obtained as 
purified crystals, mixed melting points with authentic 
samples were determined and showed no depression. 


Collection of bile 


Except in the special cases mentioned, bile was 
collected by putting the gall-bladders, as soon as 
possible after the death of the animal, into ethanol 
in which they were left until working-up began. 

Horse bile. (From an account supplied by H. D. 
Mills.) As soon as possible after the animal was shot, 
the abdomen was opened along the linea alba and the 
bile duct located. A syringe was inserted into this, 
and bile, if any, aspirated. The yield was very 
variable, frequently nil. The bile was a golden-brown 
colour; its volume was measured, and it was poured 
into 2-3 vol. of ethanol as soon as possible. In the 
horse, the common bile duct actsas a reservoir (Mills, 
1949), and there is a large amount of constantly 
flowing dilute bile. Except when the choledocho- 
duodenal junction is occluded, it is unlikely that the 
bile duct is ever full to capacity when the animal is 
alive. This method of getting bile was unsatisfactory ; 
enough bile for a more complete investigation would 
require a very large number of animals or some other 
technique. 

Whale bile. (a) Balaenoptera physalus. The bile 
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was collected by Dr M. Begg of the ‘Discovery’ 
expedition. As soon as the whale, a sexually mature 
male (perhaps 10 years old, 22-1 m. in length), was 
cut up, the bile, which was found in the third 
stomach or possibly the duodenum, was collected 
and mixed with 1-2 vol. of ethanol. The total 
quantity of bile was approximately 3 |. ; the ethanolic 
mixture was kept at about 0° during the voyage. It 
was further diluted with 2 vol. of ethanol and worked 
up as described. (b) Balaenoptera sibbaldi. Un- 
preserved bile (50 ml.) was received; we have no 
information about its collection. 


General methods for characterization 
of bile salts 


The bile was liberated, if necessary, by cutting up 
and grinding the gall-bladders in a mortar: this 
material was then extracted with successive quanti- 
ties of ethanol until fresh extracts were colourless. 
Further ethanol was added in all cases, until pre- 
cipitation of mucin, etc., was apparently complete. 
The resulting bile-salt solution was filtered and 
evaporated to dryness, finally under reduced 
pressure, transferred to a dish with fresh ethanol and 
water, again evaporated and lastly dried over sul- 
phuric acid in a vacuum desiccator. Such prepara- 
tions were more or less hygroscopic and are referred 
to in the text as crude bile salts. The weights given 
for yields of bile salt are those found immediately 
after removal from a desiccator. 

Preliminary purification (White, 1929). The bile 
salts (n g.) were dissolved in a little water in a dish, 
decolorizing charcoal (0-5n g.) was stirred in and 
5N-sodium hydroxide was added until a spot test just 
gave a pink colour with phenolphthalein. The whole 
was evaporated to dryness on a water bath at about 
70° and the residue was extracted with ethanol in a 
Soxhlet apparatus until the fresh extract was 
colourless. The filtered extract was evaporated and 
the bile salts (‘purified’) obtained as before. 

Treatment of conjugated bile salts (‘crude’ and 
‘purified’). An attempt was made to separate these 
by absorption chromatography on aluminium oxide 
with n-butanol, ethanol and methanol. It was 
found that whereas the sulphur-containing (tauro-) 
acids were readily eluted as the sodium salts, a part 
of the glycine-containing acids (glyco-acids) was 
much more difficult to elute from the column. It was 
therefore thought possible that use might be 
made of the considerable differences between 
the dissociation constants of the tauro- and glyco- 
acids (Josephson, 1933) to effect a separation by 
chromatography. This idea was only imperfectly 
realized in practice, although we were able to pre- 
pare highly purified sodium taurocholate. (Found, 
on a sample dried to constant weight at 80°: S, 6-2. 
Cale. for C.,H,,O,NSNa: 8, 6-0%) and glycocholic 
acid (S, nil) from ox bile salts. 


- 








Animal 
ELASMOBRANCHII 
Seqvaxi (5 species) 
Rast (2 species) 
TELEOSTEI 
CLUPEIDAE 
Anchovy, (Jap.) Engraulis 
Herring, Clupea harengus 
SALMONIDAE 
Salmon, Salmo milkschisch 
Sweetfish, Plecoglossus altivelis 





CYPRINIDAE 

Carp, Cyprinus carpio 

Goldfish, Carassius auratus 
SILURIDAE 

Sheatfish, Silwrus 

‘Gigi’ fish, Pelteobagrus nudiceps 


Parasilurus asotus 


MURAENIDAE 
Eel, (Jap.) 
Conger, Conger myriaster 
Conger anago 
Moray, Muraenesox cinereus 


ScoMBRESOCIDAE 
Belone 


MUGILIDAE 
Mullet, Mugil cephalus 


GADIDAE 
Cod, Gadus morrhua 
G. macrocephalus (Jap.) 
Theragra cholcogramma 


SERRANIDAE 
Stereoleis ishinagi 
SCIAENIDAE 
‘Nibe’ fish, Sciaena mitsukuri 
SPARIDAE 
Sea bream, Pagrosomus major 
*Kurodai’ fish, Sparus macrocephalus 


SIGANIDAE 
* Aigo’ fish, Siganus fuscescens 


SCOMBRIDAE 
Tunny, Thynnus thynnus 
Kingfish, Scomberomorus niphonius 
*Katuwo’ fish, Euthynnus pelamis 
Xiphiidae 
Swordfish, Xiphias gladius 
CARANGIDAE 
Amberfish, Seriola 
S. quinqueradiata 


PLEURONECTIDAE 
Plaice, Pleuronectes platessa 
Paralicthys olivaceus 
GOBIIDAE 
Periophthalmus cantonensis 
Acanthogobius flavianus 


ScoRPAENIDAE 
Sebastodes matsubarae 
Sebastodes inermis 


BALISTIDAE 
Trigger fish, Monacanthus cirrhifer 


TETRODONTIDAE 
Globe fish, ‘Fugu’ fish, Tetrodon 
porphyleus 
‘Bari’ fish, probably here 
‘Okaze’ fish, Inimicus japonicus, 
untraced 
‘Beisuke’ fish, untraced 


Table 1. Bile salts of fish 


(Classification after Sedgwick, 1905.) 


Compounds in bile 
(acids except scymnol) 


f Scymnol (all species) 
Cholic (2 species) 
\ Possibly a C,,-acid (1 species) 


Cholic; chenodeoxycholic 
Acid unspecified 


Cholic 
Cholic 


Cholic 
Cholic 


Acid unspecified 
Cholic; tetrahydroxynorsterocholanic 


Cholic; chenodeoxycholic 


Cholic 
Cholic 
Cholic 
Cholic 
Acid unspecified 


Cholic; chenodeoxycholic 


Cholic 
Cholic 
Cholic; chenodeoxycholic 


Cholic 
Cholic; chenodeoxycholic 


Cholic 
Cholic; chenodeoxycholic 


Cholic; chenodeoxycholic 


Cholic 
Cholic 
Cholic; chenodeoxycholic 


Cholic 


Cholic 
Cholic 


Cholic 
Cholic; chenodeoxycholic 


Cholic; chenodeoxycholic 
Cholic; chenodeoxycholic 


Cholic; chenodeoxycholic 
Cholic; chenodeoxycholic 


Cholic; chenodeoxycholic 


Cholic; tetrahydroxy acid 


Cholic; chenodeoxycholic; tetrahydroxy 
Cholic; chenodeoxycholic; tetrahydroxy 


Cholic; chenodeoxycholic 
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Conjugate 


Sulphate 


Taurine 
Taurine 


Taurine 
Taurine 


Taurine 
Taurine 


Taurine 
Taurine 


Taurine 


Taurine 
Taurine 
Taurine 
Taurine 


Taurine 
Taurine 
Taurine 


Taurine 
Taurine 


Taurine 
Taurine 


Taurine 
Taurine 


Taurine 


Taurine 
Taurine 
Taurine 


Taurine 


Taurine 
Taurine 


Taurine 


Taurine 
Taurine 


Taurine 


Taurine 


Taurine 


1950 
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Animal 
AMPHIBIA 


BUFONIDAE 
Toad, Bufo vulgaris (Jap.) 


RANIDAE 
Frog, Rana catesbiana 


European frog, Rana temporaria 


940), 
Animal 
SQUAMATA 
VARANIDAE 
Nile monitor, Varanus niloticus 
SERPENTES 
Bomar 
a Common boa, Constrictor 


Western boa, Constrictor 
occidentalis 

Python, Python tigris 

Indian python, Python molurus 

African python, Python sebae 

CoLUBRIDAE 

Elaphe quadrivirgata 

Elaphe carinata 

Black and gold tree snake, 
Boiga dendrophilus 

Indigo snake, Drymarchon 
courais couperi 

ELAPIDAE 

Banded krait, Bungarus 
multitinctus 

Hallowell’s green mamba, 
Dendraspis viridis 

Yellow cobra, Naja nivea 


VIPERIDAE 
Gaboon viper, Bitis gabonica 
CROTALINAE 
Dog faced rattlesnake, 
Crotalus terrificus 


Timber rattler, Crotalus horridus 
Oregon rattler, C. oreganus 
Crossed viper, Bothrops alternatus 


CHELONIA 
TESTUDINIDAE 
European pond tortoise, 
Emys orbicularis 
CHELONIDAE 
Green edible turtle, Chelone 
midas 
Soft shelled turtle, Amyda 
japonica (Trionyx sinensis) 
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Table 2. Bile salts of amphibians 
(Classification after Smith, 1927.) 


Compounds in bile Conjugate 


Pentahydroxybufostane Sulphate 
Tetrahydroxynorbufostane 
Trihydroxybufosterocholenic acid 
Trihydroxyisosterocholenic acid 
Bufodeoxycholic acid (not 


obtained crystalline) 


Tetrahydroxycholane Sulphate 
Trihydroxycholenic acid — 
Trihydroxybisnorsterocholanic acid — 
Polyhydrie aleohol(s) Sulphate 


Table 3. Bile salts of reptiles 
(Classification after Smith, 1927.) 


Compounds in bile 


(acids except where stated otherwise) Conjugate 


Varanic — 


Taurine 
Pythocholic — 


_— Taurine 
Pythocholic Taurine 
Pythocholic — 
Cholie Taurine 
Cholie —< 
Cholie a 


Cholic 


Cholic : 
Cholic 
Cholic 
Unidentified — 


Cholic — 


Cholic — 
Cholic _— 
Cholie . 


Trihydroxysterocholanic lactone 


Unidentified acid —_ 


Tetrahydroxysterocholanic — 
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Table 5. Fractionation of acidic products of the hydrolysis of bile salts 


Free bile acids 
extracted with 
boiling ethyl 
acetate. Extract 


cooled 
eae 


Crystals (Fractionated, if necessary) 


r ical ieas 

Chenodeoxycholic acid. 

*Gelatinous’. 

H-test, negative. 

Identifiable 

as the acetylated 

ethy] ester 

(see p. 595) 


(see p. 593) 


ethyl ester 
(see p. 596) 


Hydrolysis of bile salts (‘crude’ and ‘ purified’). 
Bile salts (1-0 g.) were dissolved as fully as possible 
at room temperature in 10ml. of 2-5N-sodium 
hydroxide and heated in a small bomb at 110—120° 
for 5-6 hr. When cool, the contents were washed into 
a flask, and acidified with dilute hydrochloric acid. 
Sodium chloride (excess) was added and the pre- 
cipitate stirred up and left for some hours. The pre- 
cipitate was collected, well washed with water, dried 
in vacuo and weighed. If this material was acidic in 
character, it was treated as shown in Table 5. The 
identification of crystalline bile acids is described in 
detail for individual species. The esters from F 
(Table 5) were purified on an alumina column. If the 
hydrolysis yielded mainly neutral material, this was 
treated as described for individual species. 

Species examined 
Order as in Table 1-4. 

Gadus morrhua, Cod. Gall-bladders from twenty-four fish 
gave approx. 16-7 g. of very pale coloured bile salts. 1 g. of 
these on hydrolysis yielded acids which readily crystallized 
with ethyl acetate, giving cholic acid (0-58 g.) of m.p. 191- 
194°, raised by one recrystallization from ethyl acetate to 
195-197°. The first ethyl acetate mother liquors yielded, on 
evaporation, a gummy residue weighing 0-122 g. Oxidation 
of the cholic acid gave dehydrocholic acid, m.p. 231-233° 
(decomp.). 

Pleuronectes platessa, Plaice. Gall-bladders from sixty- 
three fish gave approx. 4-75 g. of nearly colourless bile salts. 
1 g. of these gave, after hydrolysis and working up as above, 
0-525 g. of cholic acid, m.p. 195-197°, and 0-150 g. of gummy 
acidic material. 


Rana temporaria, European frog. Gall-bladders of this 


species (477) were collected after use of the frogs for teaching 
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as. = _— 
Nutriacholic acid Hyodeoxycholic Cholic acid. 
acid. Identifiable Identified 
as the acetylated as ethyl 


1950 


Filtrate evaporated 
Residue dissolved in a 
little HOAc 





1 
Pythocholic 
acid, ete. 
(see p. 592) 





ester and 
dehydro-acid 


a 
Filtrate (F) 
diluted with 
water. Ppt. 
dissolved in 
ethanol. 
Esterified with 
diazoethane. 
Treated as 
described 

in text 





<= 

Crystals 
of deoxycholic- 
acetic acid 
complex 


and gave 1-88 g. of crystalline solid. This was extracted in a 
Soxhlet apparatus first with benzene (which removed 20 mg. 
of gummy material) and then with ethanol. Evaporation of 
the ethanol extract to about 50 ml. caused separation of a 
crystalline solid which was collected after 2 days at 0-5°, 
washed with cold ethanol and dried. Yield 0-89 g., m.p. 
183-184°, H-test, blue. (Found: H,0, 3-2, 3-1; (after drying): 
C, 57-9, 57-4; H, 8-8, 9-0. If the residue was Na,SO,, Na was 
4-4, Found, on a sample dried to constant weight at 100°: 
S, 5-9, 6-0. Found (on 0-2 g.): S, 5-9. C,,H,O,SNa, H,0 
requires water, 3-2, 8, 5-6%; Cy,H4gO,SNa requires C, 58-5; 
H, 8-5; S, 5-8; Na, 4.2%). On hydrolysis, this material 
gave a neutral S-free product which is the object of further 
study. 

Varanus niloticus, Monitor. Bile salts (4-3 g.) were isolated 
from two gall-bladders; 1 g. of bile salts gave 520 mg. of 
crude bile acids. These would not crystallize from ethyl 
acetate or ethanol except to give a small amount of material 
of approx. m.p. 160—180°. The whole material was esterified 
in ethanol with diazoethane and the diluted product was 
extracted with ether. The ether was washed with dilute 
aqueous NH, and water, dried (Na,SO,) and evaporated. The 
esters formed a yellow gum weighing 352 mg. This was dis- 
solved in benzene and separated on a column containing 
Al,0, (7 g.) as shown in Table 6. From the behaviour of this 
material on the column and from the reactions of fractions 
with HCl, it was concluded that at least two major con- 
stituents were present. Fractions XII-XV each gave, on 
standing with l.p., characteristic thread-like ‘gelatinous’ 
crystals. These were collected, washed with l.p. and dried in 
vacuo. (Found after drying at 60-70° in pacuo: Fraction 
XIII: C, 69-1; H, 10-7. Fraction XVI: C, 68-2; H, 10-2. 
CygH;90,, H,O requires C, 68-0; H, 10-2%). 

The remainders of Fractions XII-XV were combined and 
this material (23-3 mg.) was hydrolysed at approx. 70° for 
30 min. with ethanol (0-2 ml.) and KOH (1 drop of 40%). 
After dilution with water, the clear solution was acidified 





50 


Oo 8 @ 


. @ @WUS Ff 





Vol. 47 COMPARATIVE STUDIES OF ‘BILE SALTS’, 1 591 
Table 6. Chromatography of ethyl esters from bile salts of Varanus 
(0-352 g. on 7 g. Al,O;. In this and all other chromatograms, percentages of solvents are v/v.) 
Vol. Eluate 
Fraction Eluant (ml.) Wt. (mg.) ete. 
I Benzene 30 109. Oil, soluble in l.p. Gave no 
digitonide 
Ii-Iil Benzene 30 12-7. Cholesterol 
IV 10% Ether-benzene 20 0-9. Gum 
V 20% Ether-benzene 20 Trace 
VI 30% Ether-benzene 20 2-2. Gum 
VII 40% Ether-benzene 40 1-0. Gum 
VIII 50% Ether-benzene 20 3-7. Gum 
IX-XI Ether 220 98-6. Gum. Insoluble in conc. HCl 
XII Ether 120 14-2. Gum, purplish colour in H-test 
XIII Ether 120 17-0. Gum, purplish colour in H-test 
XIV Ether 120 12-2. Gum, purplish colour in H-test ’ 
XV Ether 120 18-0. Gum, purplish colour in H-test 
XVI Ether 120 15-2. Gum, purplish colour in H-test 
XVII Ether 120 2-0. Gum 
XVII-XIx Ethanol 80 28-3 


Table 7. Chromatography of ethyl esters from bile salts of Incian Python 


(0-34 g. on 6 g. Al,O.) 


Vol. Eluate 

Fraction Eluant (ml.) Wt. (mg.) ete. 
I Benzene 30 60-0. Oil 

II Benzene 50 15-0. Gum 

Til Benzene 50 61-0. Cholesterol 

IV Benzene 100 6-0. Gum 

V 10% Ether-benzene 200 5-2. Gum 

VI 25% Ether-benzene 50 1-0. Gum 

Vil 50% Ether-benzene 50 5-0. Gum 

Vil Ether 100 4:0. Gum 

IX Ether 200 2-0. Gum 

x 10% Ethanol-ether 50 87-0. Yellow-white, H-test, negative 
xI 10% Ethanol-ether 100 3-0. Gum 

XII 50% Ethanol-ether 200 12-0. Gum 

XIil Ethanol 1350 46-0. Salt of an acid 


with H,SO, and saturated with NaCl. The precipitated acid 
was collected after 2 hr., washed and dissolved in ethanol. 
Evaporation of the filtered solution left a gum which crystal- 
lized on the addition of a little ethyl acetate as groups of 
small white needles. Yield, 15 mg. This varanic acid had 
melting point about 120°, with effervescence; H-test, 
green—> bluish purple. (Found, on a sample dried to constant 
weight at 60°: C, 67-4; H, 10-2. Equiv. (titration), 484. 
C.,H,,0,. H,O requires C, 66-9; H, 9-9%; mol. wt. 484.) 

Fractions [X-XI appeared to contain a second major 
constituent of the ester mixture and hydrolysis gave an 
acidic gum which formed what appeared to be a crystalline 
K salt (m.p. about 225°), but could not be obtained as a 
crystalline free acid or ethyl ester. 

Constrictor occidentalis, Boa constrictor. Gall-bladders 
yielded 11-8 g. of bile salts. 1-0 g. of these gave 667 mg. of 
acids which yielded, with diazoethane, 442 mg. of ethyl 
esters. These were separated on a column of Al,O; (8 g.). 
Hydrolysis on the column occurred, for methanol, followed 
by ethanol acidified with acetic acid, was required to elute 
about 300 mg. of the material which then behaved as a salt. 
Of the remainder, a fraction (5-0 mg., eluted with 40 ml. 
benzene) gave, with ether, 1 mg. of lactonic material, 
m.p. 268-270° (decomp.), not depressed by pythocholic 
lactone. 


Python molurus, Indian python. A single gall-bladder gave 
7-5 g. brown bile salts, containing approx. 6% S. Taurine, 
m.p. 300°, was isolated from the bile salts. ‘Purified’ bile 
salts (1-0 g.) on hydrolysis, gave 0-60 g. acids. No crystals 
were obtained with ethyl acetate. The esters (0-34 g.) 
obtained after treatment with diazoethane were dissolved in 
benzene, and separated on a column containing Al,O, (6 g.) 
as shown in Table 7. 

The solid from fraction X was crystallized from ether. It 
(66 mg.) then had m.p.80-82°; H-test, yellow-green. (Found: 
C, 70-5; H, 10-2. C,,H,,0; requires C, 71-6, H, 10-1%.) This 
ester was hydrolysed, at approx. 70° for 20 min., with 
ethanol (1 ml.) and KOH (1 drop of 40%). After dilution 
with water, the clear solution was acidified with H,SO, and 
saturated with NaCl. After 3 hr. the precipitated acid was 
collected, washed and dissolved in ethanol. The residue after 
evaporation of the filtered solution was left with ethyl 
acetate at 0-5° for some hours. The crystals (3 mg.) were 
collected and had m.p. 168-170°, with effervescence. A 
second preparation of the ethy] ester of this acid, crystallized 
from ether-ethanol-l.p., had m.p. 95-99°, with effervescence. 
Hydrolysis of the esters had again occurred on the column, 
and free acids (0-37 g.) were recovered from the salt eluted 
with methanol. This acid, crystallized from ethyl acetate, 
weighed 0-15 g. and had m.p. 174-176° (effervescence). An 
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attempt was made to prepare pythocholic lactone from this 
acid: it was dissolved in N-NaOH (2 ml.) and the solution 
acidified, while hot, with H,SO,; it was then heated at 
approx. 80° for 30 min. and left for 48 hr. The unchanged 
acid was recovered. . On recrystallization from ethyl acetate, 
the acid had m.p. 181-181-5° and gave a yellow-green colour 
in the H-test. (Found: C, 69-4; H, 9-8. Equiv. (titration) 
418, 422. C,,H,)0; requires C, 70-6; H, 10-0%; mol. wt. 408.) 

Pythocholic lactone was then prepared from the ‘ purified’ 
bile salts. These (0-99 g.) were hydrolysed and, after standing 
with acid, yielded unconjugated material (0-42 g.). This 
material was shaken with dilute NaOH and the insoluble 
portion collected by filtration. The precipitate was well 
washed with water and dissolved in ethanol, with warming. 
Evaporation of the filtered solution gave a brown gummy 
residue from which, on extraction with boiling ethyl acetate, 
was obtained the crystalline lactone (96 mg.), m.p. 262-264, 
(decomp.), not depressed by an authentic sample of pytho- 
cholic lactone from the African python. 

Python sebae, African python. A single gall-bladder gave 
6-7 g. pale-green bile salts, containing approx. 6% sulphur. 
‘Purified’ bile salts (3-0 g.) yielded on hydrolysis 1-86 g. of 
material which, after standing with acid, was mainly in- 
soluble in ethyl acetate but readily crystallizable from 
ethanol. Soxhlet extraction with ethyl acetate gave a 
erystalline product which had m.p. 255-257° (decomp.) 
raised by recrystallization from ethyl acetate to 264-266° 
(decomp.). This substance was pythocholic lactone. (Found: 

}, 73-4; H, 9-8. C.,4H,,0, requires C, 73-8; H, 9-7%.) Pytho- 
cholic lactone (10 mg.) was used for the preparation of the 
corresponding acid: it was added to 2n-NaOH (2 ml.) and 
the solution heated at approx. 80° for 1 hr. The clear solution 
was acidified with dilute H,SO,, saturated with NaCl, and 
left for 10 min. The precipitated acid was then collected. 
Pythocholic acid was then prepared from the original bile 
salts: 1-0 g. was hydrolysed, and the alkaline solution diluted, 
acidified with 2N-H,SO,, and saturated with NaCl: the pre- 
cipitated acid was collected at once. The acid (0-65 g.) formed 
a friable mass which was well washed with water, and dried in 
a desiccator. The crude acid, crystallized from ethyl acetate, 
had m.p. 144-146°, with effervescence, raised by one re- 
crystallization from ethyl acetate to 157-160°. The crude 
acid was dissolved in NaOH and reprecipitated with H,SO,. 
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After drying, and recrystallization from ethyl acetate, 
pythocholic acid had m.p. 157—-160° raised by two recrystal- 
lizations from ethyl acetate to 186-187°. (Found: C, 70-4; 
H, 10-1. Equiv. (titration) 401. C.,H,O; requires C, 70-6; 
H, 10-0%; mol. wt. 408.) In a preliminary note (Haslewood 
& Wootton, 19505) we referred to this acid as ‘ pythonic acid’, 
Since, however, it is apparently a substituted cholanic acid, 
we think that the trivial name ‘pythocholic acid’ is more 
suitable. This acid was used to prepare the lactone: it 
(10 mg.) was dissolved in 2N-NaOH (2 ml.), acidified with 
H,SO,, warmed to approx. 70° and left 15 hr. The precipitate 
was collected, washed with water and dried. It was alkali- 
insoluble and, crystallized from ethyl acetate, had m.p. 
259-263° (decomp.), not depressed by an authentic sample of 
pythocholic lactone. 


Boiga dendrophilus, Black and gold tree snake. One gall- . 


bladder gave 0-8 g. dark-green bile salts, which on hydrolysis 
yielded acids (0-38 g.) which readily crystallized from ethyl 
acetate. Cholic acid (0-27 g.) obtained had m.p. 190-192°, 
raised by one recrystallization from ethyl acetate to 195- 
196°. Oxidation of this gave dehydrocholic acid, m.p. 
226-228° (decomp.) after two recrystallizations from dilute 
ethanol. 

Drymarchon corais couperi, Indigo snake. A single gall- 
bladder gave 0-42 g. of brown bile salts which after hydro- 
lysis yielded cholic acid (0-13 g.), m.p. 194-197°. Oxidation 
of this gave dehydrocholic acid, m.p. 225—227° (decomp.). 

Dendraspis viridis, Hallowell’s green mamba. One gall- 
bladder gave 0-25 g. dark-green bile salts, which yielded 
0-11 g. acids on hydrolysis. Cholic acid crystallized from 
these had m.p. 195-196°. Ethyl dehydrocholate from this 
had m.p. 219-220°. 

Naja nivea, Yellow cobra. One gall-bladder gave 0-45 g. 
bile salts, which yielded 0-2 g. acids on hydrolysis. Cholic 
acid was obtained from this as a hydrate of m.p. 135°, raised 
by one recrystallization to m.p. 178° (effervescence). This 
material was then ethylated and oxidized; it then gave ethyl 
dehydrocholate, m.p. 220—222°. 

Bitis gabonica, Gaboon viper. Two gall-bladders gave 4-2g. 
pale-brown bile salts, containing approx. 5% sulphur. 
‘Purified’ bile salts (1-0 g.) on hydrolysis yielded 0-62 g. acids, 
which with ethyl acetate gave 98 mg. of crystalline material, 
m.p. 130-145°. The whole of the acidic material was dis- 


Table 8. Chromatography of ethyl esters from bile salts of Gaboon viper 
(0-32 g. on 3-2 g. Al,O.) 


Fraction Eluant 

I Benzene 

II Benzene 

Ill Benzene 

IV Benzene 

V Benzene 

VI 20% Ether-benzene 
Vil 75% Ether-benzene 
Vill Ether 

IX Ether 

x Ether 

XI 10% Ethanol-ether 
XII 10% Ethanol-ether 
XIII 10% Ethanol-ether 
XIV 20% Ethanol-ether 
XV 50% Ethanol-ether 
XVI Ethanol 

XVII Ethanol 


Vol. 
(ml.) Wt. (mg.) ete. 
30 20-3. Yellow oil 
50 1-1. Gum 
50 14-8. White solid, H-test, purple 
50 6-6. White solid, H-test, magenta 
50 5-6. Gum, H-test, purple 
50 5-3. Gum 
100 3-0. Gum 
450 10-9. Gum 
100 5-7. Gum, H-test, negative 
350 8-8. Gum, H-test, negative 
100 75-0. White solid, H-test, magenta 
100 15-2. Crystalline, H-test, magenta 
250 75 ~- 
100 7-4. Crystalline’ 
100 7-6. Gum 
100 3-0. Gum 
1500 41-4. Gum 
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solved in ethanol, esterified with diazoethane and extracted 
with ether, as described above. The esters (0-32 g.) were 
dissolved in benzene and separated on a column containing 
Al,O, (3-2 g.) as shown in Table 8. 

The ethyl ester from fraction XI crystallized from ether-l.p., 
had m.p. 133-136°. (Found: C, 68-8; H, 9-1. C.,H,,0,.H,O 
requires C, 68-7; H, 10-1%.) This ester was then hydrolysed 
and the acid collected. It had m.p. 150-152°; H-test, 
magenta. There was insufficient material for further purifica- 
tion, and the acid was not obtained crystalline. 

Crotalus horridus, Timber rattler. One gall-bladder gave 
0-25 g. brown bile salts which, on hydrolysis, yielded acids 
which readily crystallized from ethyl acetate, giving cholic 
acid (0-144 g.) of m.p. 191-192°, raised by two recrystalliza- 
tions from ethyl acetate to 195-196°. Oxidation of this 
cholic acid gave dehydrocholic acid, m.p. 229-230° (decomp.). 

Crotalus oreganus, Oregon rattler. Two gall-bladders gave 
0-26 g. yellow-brown bile salts which, after hydrolysis and 
working up as above, yielded cholic acid, m.p. 195-196°. 

Chelone midas, Green edible turtle. Five gall-bladders gave 
2-2 g. dark-green bile salts; 0-93 g. was hydrolysed giving 
0-44 g. acids: H-test, negative. These acids would not 
crystallize from ethyl acetate; they were esterified in 
ethanol with diazoethane. 0-23 g. ‘Esters’ were obtained 
and 0-11 g. free acids recovered. The esters were dissolved in 
benzene and separated on a column of Al,O, (4-0g.). 
Cholesterol (20 mg.) was eluted with benzene. An ether- 
insoluble gum (H-test, negative) (8-8 mg.) was eluted with 
10% (v/v) ethanol-ether, and 8-3 mg. of a white solid (H-test, 
negative) was eluted with 50% (v/v) ethanol-ether. Hydro- 
lysis of the esters had occurred on the column, and the 
remaining material was recovered as free acid from the salt 
eluted with methanol and then with acidified methanol. This 
acid could not be induced to crystallize. 

Macropus ruficollis bennetti, Wallaby. Four gall-bladders 
gave 4-35 g. brown bile salts. ‘Purified’ bile salts (1-0 g.) 
yielded on hydrolysis €-5 g. acids which readily crystallized 
from ethyl acetate, giving cholic acid (0-16 g.) as a hydrate 
of m.p. 170° (effervescence). Ethyl cholate prepared from 
this had m.p. 159-160°; it was oxidized to ethyl dehydro- 
cholate, m.p. 217-219°. 

Didelphys marsupialis virginiana, Opossum. One gall- 
bladder gave 0-75 g. brown bile salts which on hydrolysis 
gave cholic acid of m.p. 192—195°, raised by recrystallization 
from ethyl acetate to 197—198°. 

Erinaceus europaeus, Hedgehog. Eleven gall-bladders gave 
1-1 g. brown bile salts containing approx. 6% S. Hydrolysis 
of 0-6 g. yielded 0-3 g. acids which readily crystallized from 
ethyl acetate, giving cholic acid (0-2 g.) as a hydrate of m.p. 
135°, with effervescence. After drying and recrystallization 
from ethyl acetate it had m.p. 193-195°. Oxidation of this 
gave dehydrocholic acid, m.p. 228-230° (decomp.) after 
recrystallization from dilute ethanol. 

Papio anubis, Olive baboon. One gall-bladder gave 0-9 g. 
yellow bile salts containing approx. 4% S. Hydrolysis of 
0-3 g. yielded 0-16 g. acids, from which cholic acid (96 mg.) 
was isolated in the form of a hydrate of m.p. 175-176° 
(effervescence), raised by drying and recrystallization from 
ethyl acetate, to 193-195°. This was oxidized to dehydrocholic 
acid, m.p. 225-228° (decomp.) after two recrystallizations 
from dilute ethanol. 5 

Macacus mulatta, Rhesus. One gall-bladder gave 0-7 g. 
brown bile salts containing approx. 7% S. Hydrolysis of 
this gave 0-27 g. acids, from which cholic acid was isolated; 
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it had m.p. 185-187°, raised by one recrystallization from 
ethyl acetate to 192-195°. This was oxidized to give de- 
hydrocholic acid, m.p. 228-230° (decomp.) after recrystalliza- 
tion from dilute ethanol. 

Mandrillus leucophaeus, Mandrill. One gall-bladder gave 
0-44 g. brown bile salts which on hydrolysis yielded acids 
(0-25 g.) from which was isolated cholic acid of m.p. 175-177°, 
raised by one recrystallization from ethyl acetate to 193-195°. 
Oxidation of this gave dehydrocholic acid of m.p. 228-229° 
(decomp.) after one recrystallization from dilute ethanol. 

Pan pigmaeus, Chimpanzee. One gall-bladder gave 2-15 g. 
dark-brown bile salts, containing approx. 5% 8S. Hydrolysis 
of 1-0 g. yielded 0-55 g. acids, from which was isolated cholic 
acid of m.p. 184-189°, raised by one recrystallization from 
ethyl acetate to 194-195°. Oxidation of this gave dehydro- 
cholic acid of m.p. 227—228° (decomp.) after one recrystalliza- 
tion from dilute ethanol. 

Mus musculus, Mouse. Gall-bladders from 297 animals 
gave 0-24g. bile salts which gave a positive test for S 
(qualitative). Hydrolysis of 0-22 g. gave 0-16 g. acids which 
were dissolved in ethanol and esterified with diazoethane. 
The esters (0-13 g.), in benzene, were separated on a column 
containing Al,O, (1-3 g.). Benzene (30 ml.) eluted 82 mg. of 
product, H-test, negative; 5 mg. more material were washed 
off with ether-benzene and ether. Finally, ethanol (20 ml.) 
gave a solid (35 mg.), crystallizing from 50% (v/v) ether-l.p. 
as ethyl cholate, m.p. 160—-162°, oxidized to ethyl dehydro- 
cholate, m.p. 217-219°. 

Myocastor coypu, Nutria (Coypu) rat. Two gall-bladders 
gave 2-82 g. pale-green bile salts containing approx. 4% S. 
1-0 g. of the ‘crude’ bile salts was hydrolysed, yielding 0-46 g. 
acids. Gelatinous crystals of nutriacholic acid were obtained 
with ethyl acetate. This had m.p. 178-184°, raised by one 
recrystallization from ethyl acetate to 193-195°, H-test, 
negative. Ethyl nutriacholate was prepared; it had m.p. 
185-187°. 

Balaenoptera physalus, Fin whale. About 3000 ml. (diluted) 
bile containing approx. 4°8 g. bile salts/100 ml. was obtained 
from a single specimen. Cholesterol (0-15 g.) was isolated 
from the neutral material. Hydrolysis of 10 g. ‘ purified’ bile 
salts gave 3-3 g. cholic acid, m.p. 191°. This was ethylated as 
described, giving ethyl cholate, m.p. 157—159°. The cholic 
acid was also oxidized, to give dehydrocholic acid, m.p. 230° 
(decomp.). The residue from the ethyl acetate mother 
liquors, on treatment with glacial acetic acid, yielded de- 
oxycholic acid-acetic acid (28-3 mg.) of m.p. 131-135°, 
raised by one recrystallization from glacial acetic acid to 
137-140°, not depressed by an authentic sample of deoxy- 
cholic-acetic acid complex. Taurine was isolated from the 
‘purified’ bile salts; it had m.p. 298°, not depressed by an 
authentic sample from ox bile. 

Balaenoptera sibbaldi, Blue whale. Dark-green bile 
(25 ml.) gave 0-99 g. ‘crude’ bile salts, which yielded 0-4 g. 
acids. Cholic acid (0-2 g., m.p. 196-198°) was crystallized 
from this. Oxidation of the cholic acid gave dehydrocholic 
acid m.p. 225-228° (decomp.) after two recrystallizations 
from dilute ethanol. 

Canis dukhunensis, Indian wild dog. One gall-bladder gave 
3-2 g. light-brown bile salts which gave a positive (quali- 
tative) test for S. ‘Purified’ bile salts (1-0 g.) gave, on 
hydrolysis, 0-56 g. acids, from which crystalline cholic acid 
was obtained as a hydrate, m.p. 135-139° (effervescence). 
Oxidation of this gave dehydrocholic acid of m.p. 227—230° 
(decomp.) after two recrystallizations from dilute ethanol. 
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Ursus americanus, American black bear. One gall-bladder 
gave 9-7 g. brown bile salts, containing S (qualitative test). 
‘Purified’ bile salts (1-0 g.) yielded on hydrolysis 0-56 g. 
acids, from which cholic acid (0-24 g.) was isolated; it had 
m.p. 182-185°, raised by one recrystallization from ethyl 
acetate to 192-195°. This was oxidized to give dehydro- 
cholic acid, m.p. 225-228° (decomp.). Deoxycholic acid was 
not obtained on treatment of the residue from ethyl acetate 
mother liquors with acetic acid. In an attempt to isolate 
ursodeoxycholic acid, 4-5 g. bile salts were hydrolysed, giving 
2-71 g. acids, from which cholic acid (1-4 g.) was crystallized. 
The residue (1-1 g.) was ethylated as described, and the 
esters (0-86 g.) dissolved in benzene and separated on a 
column containing Al,O, (17-0 g.). Benzene (100 ml.) eluted 
367 mg. of material, including cholesterol. Ether-benzene 
yielded a gum (40 mg., H-test, negative) and ether and 
ethanol-ether gave mainly ethyl cholate. No crystals from 
the ether-benzene product were obtained with ethyl acetate 
or acetic acid. 

Helarctos malayanus, Malay bear. One gall-bladder gave 
5-0 g. brown bile salts containing approx. 4% S. On hydro- 
lysis, 1-0 g. yielded 0-59 g. acids, from which cholic acid 
(0-21 g. of m.p. 185-187°) was crystallized. This was oxidized 
and gave dehydrocholic acid of m.p. 227-229° (decomp.) 
after one recrystallization from dilute ethanol. 

Thalarctos maritimus, Polar bear. One gall-bladder gave 
16-0 g. brown bile salts containing approx. 5% S. ‘Purified’ 
bile salts (0-9 g.) yielded 0-57 g. acids from which cholic acid 
(0-15 g.) was obtained. The residue from the ethyl acetate 
mother liquors was treated with glacial acetic acid, and 
crystals (possibly of a hydrocarbon) were obtained of m.p. 
71°. The residue was then distributed between 90% (v/v) 
methanol-water and I.p. and the residue, after evaporation of 
the methanol, was left with glacial acetic acid. No deoxy- 
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cholic acid could be crystallized. A 3-0 g. sample of ‘ purified’ 
bile salts was then hydrolysed, and worked up as described 
above. No ursodeoxycholic acid could be crystallized from 
the material (92 mg.) showing a negative H-test. 

Nasau nasau, Ringtailed coati. One gall-bladder gave 
0-34 g. brown bile salts containing S (qualitative test). On 
hydrolysis 0-17 g. acids were obtained, from which cholic acid 
(70 mg. of m.p. 185-187°) was crystallized. Oxidation of this 
gave dehydrocholic acid of m.p. 228-230° (decomp.) after 
two recrystallizations from dilute ethanol. 

Acinonyx jubatus, Cheetah. One gall-bladder gave 6-0 g. 
brown bile salts containing approx. 5% S. ‘Purified’ bile 
salts (1-9 g.) on hydrolysis yielded cholic acid (0-8 g.) of 
m.p. 196°. This was oxidized to give dehydrocholic acid, 
m.p. 229-232° (decomp.). 


Crossarchus obscurus, Kusimanse. One gall-bladder gave . 


0-15 g. pale-green bile salts which on hydrolysis yielded 
83 mg. acids. Cholic acid crystallized from this had m.p. 
189-190°, raised by one recrystallization from ethyl acetate 
to 193-196°. This was oxidized to give dehydrocholic acid, 
m.p. 228-229° (decomp.) after recrystallization. 

Equus, Horse. Bile (52 ml.) collected as described on 
p. 585, gave 1-206 g. crude bile salts; 500 mg. of these on 
hydrolysis yielded 134 mg. of acidic gum which gave no 
crystalline material with ethyl acetate or acetic acid. The 
gum was esterified with diazoethane, and the gummy neutral 
material obtained was purified on columns as shown in 
Table 9. Fractions XX and XXI (column 4) readily gave 
crystals with l.p.-ether: these were collected and washed with 
l.p., yield 1-5 mg., m.p. 151-155°; H-test, very intense blue. 
Recrystallized from 1.p.-benzene, this ethyl cholate had 
m.p. 154-156°. 

The bulk of the material, namely that in column 2, 
fraction I (97-4 mg.), was acetylated in pyridine (1 ml.) with 


Table 9. Chromatography of ethyl esters from bile salts of horse 


(Approx. 130 mg. on 1 g. Al,O, for column 1.) 


Vol. 
Fraction Eluant (ml.) Wt. (mg.), ete. 
Column 1 

I Benzene 50 Most of material 
II Ethanol 50 17-8. Partially crystallized on’standing 

Column 2 (1 g. Al,O, used for column 1, fraction I) 
I 40% Benzene-l.p. 50 97-4, Brown gum 
II Benzene 50 4-4 

Column 3 (0-2 g. Al,O, for column 1, fraction II) 
I Benzene 50 12-5. Partly crystallized 
II Benzene 50 Trace 
lil Ether 50 6-1. Gum 
Column 4 (1 g. Al,O, for column 3, fraction I) 

I-V 33% L.p.-benzene 65 3-4. Gum 
VI and VII 50% L.p.-benzene 50 Trace 
VIII-XI 60% L.p.-benzene 150 Trace 
XII and XIII 10 each 70 and 80 % I.p.-benzene Trace 
XIV and XV Benzene 75 0-8 
XVI 10% Ether-benzene 20 Trace 
XVII 20% Ether-benzene 20 Trace 
XVIII 20% Ether-benzene 20 1-8. Partly crystallized 
XIX 20% Ether-benzene 40 2-6. Partly crystallized 
xX 20% Ether-benzene 40 2-9. Partly crystallized 
XXI 20% Ether-benzene 40 0-8. Partly crystallized 
XXITI-XXVI 50% Benzene, then ether, finally Traces 


acetone 
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acetic anhydride (1 ml.) at approx. 100° for 5-5 hr. The oily 
acetyl derivative was extracted with ether from the diluted 
cooled mixture and the ether was washed with water, dil. 
HCl, dil. NH;, water, dried (Na,SO,) and evaporated. The 
residue (103 mg.) was separated into three fractions on a 
column and each fraction was ‘seeded’ with crystalline ethyl 
3a:7a-diacetoxycholanate and ethyl 3a:6«-diacetoxychol- 
anate but without result. After hydrolysis, the acidic 
material (70 mg.) would not crystallize as ether-deoxycholic 
acid. It was converted into a mixture of 3:5-dinitrobenzoyl 
derivatives in the usual way, and the product was esterified 
with diazoethane and separated on a column of Al,O,, but 
without the detection of more than traces of crystalline 
material. The chief ester fraction from horse bile was clearly, 
therefore, a complex mixture very readily eluted from 
Al,03. 

Sus, Gallstone of pig. A gallstone from a domestic pig 
filled the whole of the gall-bladder, which appeared no 
longer to contain bile: the stone was ovoid and weighed (wet) 
98 g.; it consisted of concentric layers, as described by 
Schenck (1938) and a small amount of what appeared to be 
bilirubin occupied the centre. Powdered gallstone (10 g.) 
was analysed by the method of Schoenheimer & Johnston 
(1937) and by conventional methods, with the following 
results: 


(g-) 
Ether-soluble neutral fraction 0-177 
KOH-soluble, water-insoluble acids 4-900 
Amorphous insoluble material 0-510 
Ca 0-230 
Water 4-260 
Total 10-077 


The 4-9 g. of acids were recrystallized from aqueous ethanol 
to give 2-695 g. of lithocholic acid. A dark gummy residue 
(1:8 g.) obtained by evaporation of the ethanolic mother 
liquors would not crystallize from ethyl acetate or acetic 
acid. Reprecipitation from dilute NaOH and separation 
between l.p. and 90% (v/v) methanol-water yielded 1-355 g. 
of acidic methanol-water soluble material, hence very little 
fatty acid (l.p.-soluble) was present. Esterification with 
diazoethane gave 1-223 g. of ethyl esters, which were acetyl- 
ated with pyridine (2-5 ml.) and acetic anhydride (2-5 ml.) 
for 6 hr. at about 100°. The cooled product was diluted with 
water and HCl and extracted with ether. Evaporation of the 
washed and dried extract gave 1-382 g. of acetylated ethyl 
esters. This material, in l.p., was separated on a column con- 
taining Al,O, (14 g.) as shown in Table 10. Fraction I con- 
sisted mainly of material which appeared to be ethyl acetyl- 
lithocholate (Reindel & Niederlander, 1935). Fraction II 
was crystallized twice with l.p., from which it finally formed 
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white needles, of (probably) ethyl 38:6«-diacetoxycholanate, 
which had m.p. 109-111°, depressed by ethyl 3a:7«-diacet- 
oxycholanate. (Found: C, 73-0; H, 9-4. C3,H,,0, requires 
C, 72-9; H, 97%.) No crystalline ester which apparently 
differed from this could be isolated from any other fraction 
even after further chromatography, except for a very little 
high-melting material which may have represented partially 
hydrolysed acetyl derivatives. The above substance (21 mg.) 
was heated with ethanol (0-4 ml.) and 5n-NaOH (1 drop) at 
approx. 70° for 0-5 hr. The resulting acid, precipitated with 
dilute H,SO,, was collected, washed with water and crystal- 
lized from water-ethanol three times, finally appearing as 
white needles, m.p. 190-191°, depressed by hyodeoxycholic 
acid (m.p. 196-197°) to 163—179°. The properties of this sub- 
stance correspond with those of ‘’-hyodeoxycholic acid 
(38:6«-dihydroxycholanic acid; Kimura, 1937; Moffett, 
Stafford, Linsk & Hoehn, 1946; Moffatt, 1947). Thus neither 
‘a’-hyodeoxycholic acid nor chenodeoxycholic acid was 
detected in the gallstone. 

Phacochoerus aethiopicus, Wart hog. One gall-bladder 
gave 1-6g. light-brown bile salts from which S was 
absent. ‘Purified’ bile salts (0-5 g.) yielded on hydrolysis, 
0-24 g. acids. Cholic acid was crystallized from this as 2 
hydrate, m.p. 175° (effervescence). 25 mg. of this hydrate 
were dissolved in ethanol, ethylated with diazoethane and 
extracted as described ; the esters (15 mg.) were separated on 
acolumn containing Al,O, (0-15 g.) and eluted with benzene, 
ether and finally ethanol. Ethyl cholate (5-4 mg., m.p. 
154-156°) was eluted with ether and crystallized from ether- 
Lp. 

Taurotragus oryx, Eland. One gall-bladder (from a new- 
born animal) gave 0-24 g. yellow bile salts, which yielded on 
hydrolysis 0-17 g. acids. Cholic acid, crystallized from this, 
had m.p. 185-189°, raised by two recrystallizations from 
ethyl acetate to 194-196°. 


Preparation of reference compounds 


Ethyl 3a:7u-diacetoxycholanate (ethyl diacetylchenodeoxy- 
cholate). Chenodeoxycholic acid (25 mg.), prepared by 
‘crystallization’ of the hydrolysed bile salts from hen bile, 
was esterified with diazoethane to give the ethyl ester 
(29 mg.). The gummy product was acetylated with acetic 
anhydride (0-5 ml.) in pyridine (0-5 ml.) for 4 hr. at 100°. 
Dilution of the cooled product with aqueous HCl gave a 
gummy precipitate, which, after 2 days, was washed with 
water and dissolved in ether. Evaporation of the filtered 
ethereal solution left a residue which, dissolved in a little 
benzene followed by excess l.p., was poured on to a column of 
Al,O, (0:5 g.). The column was washed with l.p. (80 ml.) 
evaporation of which then left a residue which formed large 


Table 10. Chromatography of acetylated ethyl esters from pig gallstone 
(1-382 g. on 14g. Al,O,.) 


Fraction Eluant 

I About 100 ml. L.p. 
II 10% Benzene-l.p. 
Iil 10% Benzene-l.p. 
IV 10% Benzene-l.p. 
V Benzene 

VI Benzene 

VII and VIII Benzene 

1b 4 Ether 

= Ethanol 


Vol. 
(ml.) Wt. (g.), etc. 
0-477. Gum 

200 0-338. Gum 

200 0-034. Crystallized 
150 0-017. Crystallized 
100 0-178. Crystallized 
100 0-029. Crystallized 
300 0-098. Crystallized 
100 0-028. Crystallized 
50 0-031. Crystallized 
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colourless stout prisms from a little fresh l.p. Yield, 12 mg. 
This ethyl 3a:7«-diacetoxycholanate had m.p. 104-105°. 
(Found: C, 71-7; H, 9:8. Cs 9H,,0, requires C, 71-5; H, 
9-5%.) 

Ethyl 3a:6x-diacetoxycholanate (ethyl diacetylhyodeoxy- 
cholate). Hyodeoxycholic acid (15 mg., m.p. 196-197°) was 
esterified and acetylated and the product purified as de- 
scribed above. The final ethyl 3:6x-diacetorycholanate 
formed long white needles from l.p. Yield, 6 mg.; m.p. 99- 
100°. (Found: C, 71-9; H, 9-6. C59H,,0, requires C, 71-5; 
H, 95 %-) 


RESULTS AND DISCUSSION 


The main results have been summarized in Tables 
1-4. A new bile acid, pythocholic acid, has been ob- 
tained only from the bile of three species of Boidae 
examined, and other new crystalline biliary con- 
stituents have been isolated from frogs (one species), 
lizards (one species) and snakes (one species). 
Nutriacholic acid has been confirmed in the bile of 
Myocastor coypu. 

A pig gallstone is shown for the first time to con- 
tain a normal constituent (8-hyodeoxycholic acid) of 
pig bile. 

It appears possible to formulate the following 
generalizations, as working hypotheses, from the in- 
formation at present available about the species 
distribution of different kinds of bile salts. 

1. Examples of the groups of vertebrates com- 
monly recognized as being evolutionarily more 
primitive have C,,-alcohols, conjugated with sul- 
phate, or (possibly) C,,-acids conjugated probably 
mainly with taurine. 

2. The more ‘modern’ types have C,,-acids, con- 
jugated with taurine or glycine. The commonest 
(most widely distributed) bile salt is taurocholate 
and, in mammals at least, this is frequently accom- 
panied by glycocholate and by greater or lesser 
amounts of conjugated deoxycholic acid. Glyco- 
acids are apparently found only in mammalia. 

3. Certain species, or small groups of related 
species, have (not necessarily as chief constituent) 
unique bile salts; on Darwin’s (1859) conception of 
species evolution, this is to be expected. Known 
examples of such species are the seals and walruses, 
pig, nutria rat and, as we have shown, three species 
of Boidae among the snakes. It might be expected 
that ‘uniqueness’ of bile salts will be found to be 
most common amongst the more ‘primitive’ species. 
‘Uniqueness’ of a different type is to be found in 
species such as the rabbit which has almost solely a 
common C,,-acid (deoxycholic), but apparently con- 
jugated only with glycine. 

4. The nature of bile salts cannot, at present, be 
correlated in any way with the diet or other easily 
variable factors; it appears to be a quite character- 
istic property of the species. 

Such generalizations may have to be modified or 
discarded as further information is obtained; there 
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are very large unexplored fields in all classes of 
vertebrates. 

It is unfortunate that many of the earlier conclu- 
sions about the chemical nature of bile steroids are 
not based on acceptable experimental evidence. 
Thus it has often been stated that a bile contains 
chenodeoxycholic acid when in fact all that has been 
shown is that an isolated bile acid mixture does not 
readily yield crystals of cholic acid or some complex 
of deoxycholic acid. Chenodeoxycholic acid is not 
easy to identify : few crystalline derivatives suitable 
for characterization are known to us. 

Claims for proof of the occurrence of (conjugated) 


cholic acid in a bile are often based on certain colour — 


reactions, such as the Hammarsten test, which are 
given by this acid. We have prepared acidic and 
even semi-crystalline substances from biles which 
give strongly positive responses to this test, but from 
which we were quite unable to isolate the acid or any 
identifiable derivative of it. For this reason, we feel 
that no claim for the demonstration of cholic acid can 
be allowed unless such characteristic compounds 
have been obtained. It appears to us to be particu- 
larly important to investigate carefully any case in 
which cholic acid or any other C,,-acid may be 
thought to occur together with a C,,-acid or C,,- 
alcohol. Such a case, for example, was reported by 
Ohta (1939qa) for a shark. 

The position of ursodeoxycholic (3«:78-dihy- 
droxycholanic) acid is obscure. It was first described 
by Hammarsten (1902) as occurring in the bile of the 
Polar bear, but no crystalline substance was iso- 
lated. Zumbutsch (1902) investigated the bile of the 
Isabella bear, Ursus arctos isabellinus, in order to 
compare it with Polar bear bile, but he does not 
mention ursodeoxycholic acid. From a Japanese 
bear, probably Ursus japonicus, Shoda (1927) ob- 
tained tauro-ursodeoxycholic acid, and Miyazi 
(1937) glyco-ursodeoxycholic acid. Cholic and 
chenodeoxycholic acid were also found in the bile. 
We have been unable to isolate any crystalline bile 
acid other than cholic acid from the Polar bear, the 
Malay bear and the American black bear. We can 
hardly commit ourselves to an opinion, on the 
available evidence, as to whether ursodeoxycholic 
acid is a characteristic acid of bear bile; however, 
there seems to be little doubt that cholic acid is the 
main constituent. Ursodeoxycholic acid in small 
amounts could probably have arisen by bacterial 
action in the intestine, from chenodeoxycholic acid. 

The very interesting work on toad bile (sum- 
marized by Fieser & Fieser, 1949), and on the bile of 
Amyda japonica (see Sobotka, 1937), and Emys 
orbicularis (Kim, 1939), certainly ought to be re- 
peated. The published accounts (Kurauti & Kazuno, 
1939; Mabuti, 1941 a) of a chemical investigation of 
the bile of Rana catesbiana contain a number of 
entirely unjustified assumptions. 
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SUMMARY 


1. Improved methods of isolating crystalline 
material from small amounts of bile have been 
worked out and applied to the bile of species whose 
bile salts have not, to our knowledge, been previously 
examined. 

2. New crystalline compounds have been isolated 
from the bile of frogs (one species), lizards (one 
species), and snakes (four species). Indications of 
other crystalline biliary constituents were obtained. 

3. A new bile acid, pythocholic acid, C,,H,4.0;, is 
thought to be probably characteristic of the bile of 
three species of Boidae; it forms the main con- 
stituent of the bile of the African python. 

4. The presence of nutriacholic acid as the main 
bile acid of Myocastor coypu has been confirmed. 
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5. We have not been able to substantiate the 


existence of ursodeoxycholic acid (3«:7 8-dihydroxy- 
cholanic acid) as characteristic of bear bile. 
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could not have been undertaken: Mr A. Baker (pig gallstone), 
Commander Buckle, R.N. (Blue whale), Dr M. Begg and 
‘Discovery’ Investigations (Fin whale), Mr D. H. Gadd (frog), 
Dr W. E. Kershaw (several monkeys), Mr H. D. Mills and the 
Royal Veterinary College and Hospital, London (horse), 
Dr R. E. Rewell, Mr W. E. Lawrence, and the Zoological 
Society of London (many species), Mr G. E. E. Webster 
(Green turtle), Mr C. Tennant Williams (Nutria rat), Dr 
S. W. F. Underhill (mouse), Mr R. S. Wimpenny and the 
Ministry of Agriculture and Fisheries (cod, plaice), Miss 
M. E. Wood (hedgehog). 
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The work of Martin & Synge (1941) on the separation 
of mixtures of amino-acids by partition chromato- 
graphy on silica gel led to the application of this 
method to the analysis of fatty acid mixtures by 
several workers. Lester Smith (1942) separated a 
mixture of formic, acetic, propionic, n-butyric and 
n-vaieric acids into its separate components, and 
developments of this work by Elsden (1946), 
Ramsey (1948), Ramsey & Patterson (1945, 1948), 
Peterson & Johnson (1948) and Moyle, Baldwin & 
Scarisbrick (1948) have furnished methods for the 
quantitative analysis of fatty acids containing 1-10 
carbon atoms. This work has been reviewed recently 
by Elsden (1950). 

Substitution of the silica support by filter paper 
(Consden, Gordon & Martin, 1944) has found wide- 
spread application in the qualitative and approxi- 
mate quantitative analysis of mixtures of closely 
related compounds. Paper chromatography pos- 
sesses several advantages over partition chromato- 
graphy on silica, not least of which are the small 
amounts of material required for an analysis and the 
ease of operation of the chromatogram. In attempt- 
ing to apply paper chromatography to the separation 
of the lower fatty acids, the volatility of some 
members and the low solubility in water of others are 
limiting factors. Fink & Fink (1949) have overcome 
these unsuitable physical properties by the use of the 
corresponding potassium hydroxamate derivatives, 
but the difficulties involved in their preparation is a 
great disadvantage. 

Since various workers (e.g. Goodall & Levi, 1946; 
Lederer, 1948; Linstead, 1949) have described the 
separation of various groups of anions and cations by 
paper chromatography, the present author con- 
sidered that the fatty acid anions might be similarly 
separated. Using n-butanol or n-butanol containing 
ethanol as the mobile phase in the presence of 
ammonia, it has been possible to separate the 
formate, acetate, propionate, n-butyrate, n-valerate, 
n-caproate, and n-octanoate ions. Partial resolution 
of the n- and iso-C,, C; and C, ions was also achieved. 


METHODS 


Solvents. All solvents were distilled before use. 
Paper support. Whatman no. | filter paper sheets were 
used throughout. 


Apparatus. The apparatus was similar to that described by 
Flood, Hirst & Jones (1948) except that a battery jar was 
substituted for the bell jar and the ground-glass flange 
formed the top instead of the base of the apparatus. By this 
means the atmosphere inside the chamber was less seriously 
disturbed when the papers were introduced and removed. 

Procedure. A small circular spot of solution (2 yl.) con- 
taining the Na salts of the acids is placed on the starting line 
of the paper with the aid of a fine capillary tube. The 
chromatogram is allowed to run for a convenient time 
(approx. 20 hr. for most mixtures; the solvent boundary is 
then approx. 20 cm. below the starting line). The paper is 
then removed and dried, either in a steam oven for 5 min. or 
at room temperature for 1 hr. The positions of the ions are 
then revealed by spraying with a 0-04% (w/v) aqueous 
solution of bromothymol blue adjusted to pH 7-5 with 
NaOH. The anions give yellow spots and the cations deep- 
blue spots on a green ground. Alternative sprays such as 
bromocresol green, chlorophenol red and bromocresol purple 
are also useful. A disadvantage common to all the indicators 
used in the present work is the rapid fading of the spots due to 
the whole paper assuming the acid colour of the indicator, 
presumably due to the action of the CO, in the air. 


RESULTS 
Separation of the formate, acetate, propionate, n- 
butyrate, n-valerate, n-caproate and n-octanoate 
ions was readily achieved using as the solvent 
system n-butanol-aqueous ammonia or n-butanol- 
ethanol-aqueous ammonia and developing with the 
alcoholic phase. The R, values of these ions and of 
the isobutyrate, isovalerate and isocaproate ions in 
these solvents are shown in Table 1. It was noticed 
that the R, values of all the ions diminished gradu- 
ally with the increasing age of the solvents and con- 
sequently a different standard of reference has been 
used. The ratio between the distance travelled by an 
anion and the distance travelled by the n-octanoate 
ion gives a fairly constant value (R,), characteristic 
of the anion and independent of the age of the sol- 
vent. The advantages of using this kind of standard 
rather than R, values have been discussed previously 
in the case of sugars and methylated sugar de- 
rivatives (Brown, Hirst, Hough, Jones & Wadman, 
1948; Hirst, Hough & Jones, 1949). Table 2 shows 
the extreme R, values obtained corresponding to the 
R, values in the adjacent columns. The R, values 
did not fall with the increasing age of the solvent, but 
varied haphazardly between the limiting values 
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Table 1. R, values of fatty acid ions on Whatman no. 1 paper at 15° 


(The values recorded are the averages of the initial values obtained for different preparations of the same solvent mixtures.) 





Solvent systems (by vol.) 


C ae ye Sore 

n-Butanol 50%, n-Butanol 50%, = _ 2 “ —- 

1-5N-aqueous ammonia 50%) 3-0N-aqueous ammonia 50% 30 sagen ammonia 50% 
Formate 0-09 0-08 0-14 
Acetate 0-10 0-09 0-16 
Propionate 0-19 0-18 0-26 
n-Butyrate 0-33 0-30 0-39 
tsoButyrate 0-31 0-28 0-37 
n-Valerate 0-45 0-41 0-58 
isoValerate 0-39 0-36 0-55 
n-Caproate 0-61 0-55 0-71 
isoCaproate 0-60 0-54 0-69 
n-Octanoate 0-74 0-69 0-80 


Table 2. Comparison of R, and R, values of fatty acid ions on Whatman no. | paper at 15° 


(Initial Rp values were obtained from the first ‘run’ of the chromatogram using a freshly prepared solvent mixture; 
final values obtained after about 14 days. The values are the averages of at least five separate determinations.) 


— 
n-Butanol 50%, 
1-5N-aqueous ammonia 50% 


A 


Solvent systems (by vol.) 
ee 


n-Butanol 50%, 
3-0 N-aqueous ammonia 50% } 





n-Butanol 40 %, 
ethanol 10%, 
3-0 N-aqueous ammonia 50% 





c ~ ee Ses ee ee 

Rp Re Rp Ro Ry Re 
Formate 0-09-—-0-06 0-10-0-12 0-08—>-0-06 0-10-0-11 0-14—0-10 0-15-0-17 
Acetate 0-10—0-07 0-11-0-13 0-09-—-0-07 0-12-0-13 0-160-13 0-17 0-20 
Propionate 0-19->-0-14 0-22-0-25 0-18-0-13 0-23-0-26 0-26-0-19 0-29-0-32 
n-Butryate 0-33-—>0-22 0-37-0-44 0-30—0-21 0-37-0-43 0-39-—0-29 0-45-0-49 
isoButyrate 0-31->0-21 0-36-0-42 0-28-—>0-20 0-35-0-41 0-37->0-27 0-41-0-46 
n-Valerate 0:45-0:33 0-56-0-61 0-41->-0-32 0-56-0-60 0-58->0-44 0-67-0-72 
isoValerate 0-39->0-28 0-48-0-53 0-36->0-26 0-46-0-52 0-55->0-41 0-63-0-69 
n-Caproate 0-61—0-50 0-82-0-85 0-55->0-46 0-79-0-81 0-71-0-56 0-86-0-89 
isoCaproate 0-60—-0-50 0-81-0-85 0-54-0-46 0-78-0-81 0-69->0-56 0-85-0-86 
n-Octanoate 0-74-+0-59 1-0 0-69->0-57 1-0 0-80—>0-65 1-0 


shown. The decreases in the R, values correspond 
to a period of approximately 14 days from the initial 
mixing of the alcohol and ammonia. After this 
period the positions of the anions were revealed only 
with difficulty on spraying with the indicator 
solution. 


Effect of cations on the Ry and Rg values of the anions 


The R, and R, values of any given anion appeared 
to be independent of the salt initially used. Thus the 
movements of the anions down the paper were sub- 
stantially the same whether the ammonium, potas- 
sium or sodium salts were used. On the other hand, 
the movements of the cations themselves appeared 
to be slightly greater as the chain length of the anion 
increased. Since the R, values of the cations were of 
the order of 0-02, however, this difference is neg- 
ligible. In general the sodium ion moved faster than 
the potassium ion. 


Effect of concentration on the movements of the anions 


The variation of the concentrations of the salt 
solutions from 0-25 to 1-0 % (w/v) did not affect the 
distances travelled by the ions. This is important in 


view of the observation (Smith & White, 1929) that 
the partition coefficients of the volatile fatty acids 
between water and organic solvents vary with con- 
centration. This variation was shown by Elsden 
(1946) to affect the R values on the silica partition 
chromatogram. Concentrations greater than about 
1-5 % gave rise to elongated spots on spraying. 

Quantities of ions equivalent to 5yg. of the 
corresponding salts can be detected on the developed 
chromatograms. The usefulness of this method for 
the detection of minute quantities of the acids is thus 
apparent. 


Separation of artificial mixtures of anions 


The distances moved by the anions were inde- 
pendent of the presence of other anions. Mixtures of 
the sodium salts of as many as six acids gave 
separate spots with R, values equal to those of the 
individual sodium salts run independently on the 
same paper. Only the formate and acetate ions 
proved difficult to separate completely into two 
distinct spots. This can be achieved, however, by 
running the chromatogram for approx. 60 hr. instead 
of the usual 20 hr. 
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Separation of isomers 


The separation of the n- and iso-C,, C; and C, ions 
was incomplete in 20 hr. By running the chromato- 
gram for approx. 60 hr., complete separation of the 
C, and C, isomers could be achieved. The high R, 
values of the n- and iso-C, ions would necessitate the 
use of excessive lengths of paper to separate these 
isomers completely on a one-dimensional chromato- 
gram. 


F. BROWN 
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SUMMARY 


1. The separation of the lower fatty acids as 
anions by paper chromatography is described using 
for development mixtures of alcohois with aqueous 
ammonia. Separation of the n- and iso-C, and C,; 
anions has also been achieved. 

2. The anions and cations from quantities of salts 
as low as 5yg. can be detected on the developed 
chromatograms. 


REFERENCES 


Brown, F., Hirst, E. L., Hough, L., Jones, J. K. N. & 
Wadman, W. H. (1948). Nature, Lond., 161, 720. 

Consden, R., Gordon, A. H. & Martin, A. J. P. (1944). 
Biochem. J. 38, 224. 

Elsden, S. R. (1946). Biochem. J. 40, 252. 

Elsden, S. R. (1950). Biochem. Soc. Symp. 3, 74. 

Fink, K. & Fink, R. M. (1949). Proc. Soc. exp. Biol., N.Y., 
70, 654. 

Flood, A. E., Hirst, E. L. & Jones, J. K. N. (1948). J. chem. 
Soc. p. 1679. 

Goodall, R. R. & Levi, A. A. (1946). Nature, Lond., 158, 
675. 

Hirst, E. L., Hough, L. & Jones, J. K. N. (1949). J. chem. Soc. 
p. 928. 

Lederer, M. (1948). Nature, Lond., 162, 776. 


Lester Smith, E. (1942). Biochem. J. 36, xxii. 

Linstead, R. P. (1949). Nature, Lond., 163, 598. 

Martin, A. J. P. & Synge, R. L. M. (1941). Biochem. J. 35, 
1358. 

Moyle, V., Baldwin, E. & Scarisbrick, R. (1948). Biochem. J. 
43, 308. 

Peterson, M. H. & Johnson, M. J. (1948). J. biol. Chem. 174, 
775. 

Ramsey, L. L. (1948). J. Ass. off. agric. Chem., Wash., 31, 
164. 

Ramsey, L. L. & Patterson, W. I. (1945). J. Ass. off. agric. 
Chem., Wash., 28, 644. 

Ramsey, L. L. & Patterson, W. I. (1948). J. Ass. off. agric. 
Chem., Wash., 31, 139. 

Smith, H. W. & White, T. A. (1929). J. phys. Chem. 33, 1953. 


Cholesterol Metabolism 
2. CHOLESTEROL METABOLISM IN THE RAT 


By R. P. COOK, N. POLGAR anp R. O. THOMSON 
Department of Biochemistry, University College, Dundee (University of St Andrews) 
and the Dyson Perrins Laboratory, University of Oxford 


(Received 13 May 1950) 


The experiments to be described arose from an ob- 
servation by Cook (1937) that when cholesterol in a 
fat-containing diet was fed to rats there was a loss of 
the sterol. Cook (1938) constructed a lipid and sterol 
balance sheet and showed that there was an apparent 
correlation between the amount of cholesterol meta- 
bolized and the increase of fatty acids excreted in the 
faeces. An acid was isolated from the faecal lipids, 
but it could not be stated definitely that it was 
formed from the breakdown of cholesterol. Polgar 
(1948) investigated the fatty acids present in 
the tubercle bacillus separating them by the 
fractional crystallization of their acetol esters 
(R.CO,.CH,.CO.CH,) and treating the latter with 
reagents for ketones such as semicarbazide or 2:4- 
dinitrophenylsemicarbazide. It was decided to 
apply these methods to the study of the acids 
produced in the metabolism of cholesterol. 


Different types of fat were administered with 
the cholesterol to ascertain if these influenced its 
metabolism. 

There is little exact information on the changes 
which cholesterol undergoes in the animal body and 
this work is part of a larger study of the metabolism 
of this compound in various animal species. 


METHODS 


Animals. Piebald male rats about 6 months old and of 
average weight 300 g. obtained from the Rowett Institute, 
Aberdeen, were used in all experiments. The animals were 
housed in a room maintained at a temperature of 22°+1°in 
metabolism cages fitted with Hopkins’s separators, the urine 
and faeces being collected separately. The food was weighed 
daily, moistened and placed in containers, any food spilled 
being returned to the dish. The animals were allowed free 
access to water. 








CHOLESTEROL METABOLISM, 2 601 


0 Vol. 47 
Table 1. Rat diets 


(The table gives the weights (in g.) of constituents in the ‘control’ diets. The ‘cholesterol’ diet for each experiment was 


identical with the ‘control’ diet except for the addition of 20 g. cholesterol (25 g. in Exp. II).) 
us Exp. no. eee I II III, IV Vv VI, VII Vil 
C, (olive oil + 
{ Constituent (cooking fat) (butter fat) (olive oil) (low fat) rat cake) (rat cake) 
ts Caseinogen (1) 230 230 230 230 — — 
od Maize starch 400 400 400 442 _— -— 
Cane sugar 170 170 170 176 — _ 
Fat (2) 200 200 200 — 200 — 
Salt mixture (3) 50 50 50 53 — — 
Dried yeast (4) 75 75 75 80 — — 
Cod liver oil (5) 30 30 30 _— - — 
Radiostol (6) = — — {1 drop/ -- {1 drop/} 
: Avoleum (7) — -- -— reader | — |rat ‘day J 
5 Rat cake (8) — — ee coal 1000 1 
: (1) Unextracted caseinogen supplied by Glaxo Laboratories Ltd. was used. 
x (2) The cooking fat, butter fat and olive oil were commercial samples obtained locally. 
(3) The salt mixture of McCollum & Davis (1915) was used. 
4, (4) Dried yeast—The Distillers Co. Ltd. 
(5) ‘Seven Seas’ Cod liver oil—British Cod Liver Oils (Hull and Grimsby) Ltd. 
.) (6) Radiostol—Potency 3000 i.u. Vitamin D/g. British Drug Houses Ltd. 
(7) Avoleum—Potency 30,000 iu. Vitamin A/g. British Drug Houses Ltd. 
a (8) Rat cake supplied by North-Eastern Agriculture Co-operative Society Ltd., Aberdeen. This contains 5 % ether-soluble 
lipid and 12 mg. sterol/100 g. 
“ Diets. The diets, details of which are given in Table 1, are _ centrifuged. The soluble material was recovered and weighed. 
3. of two types, viz. ‘Synthetic’ (used in early experiments) The insoluble material was dissolved in ethanol, recovered 
which were made up with known compounds, and‘ Ratcake’, and weighed. 
having as its basis a mixture of foodstuffs. The synthetic diet Free and total sterols. These were determined on samples of 
offered no advantages over the rat-cake diet which is con- the unsaponified lipids by the method of Schoenheimer & 
venient and readily taken by the animals. The bulk of the Sperry (1934). In this communication the values for total 
f faeces formed on this diet was much greater than with the _ sterol alone are reported. 
synthetic diet. Livers. At the end of an experiment the animals were bled 
Cholesterol. Recrystallized cholesterol (Glaxo Labora- under light anaesthesia, the livers removed and weighed. 
tories Ltd.) was used. The components of the diets were well They were then coarsely chopped, dried in vacuo at 100° and 
mixed and in those diets containing fat and cholesterol the when dry were extracted with ethanol-ether (3:1, v/v). The 
latter was dissolved in the warm oil before being mixed with _ fractionation of the lipid was as for the faeces. 
the other ingredients. Urine. In some experiments this was extracted after 
Extraction of faeces. The faeces were collected daily and acidification with 1 vol. of ether divided into three portions. 
dried in vacuo at 95° to constant weight. They were then 
extracted continuously with ether, first in the pellet form and RESULTS 
then after being powdered, for a total of 30 hr. In Exps. VI- 
h VIII the ether-extracted faeces were further extracted with The duration of experiments, weights of rats, total 
S 3 vol. of boiling ethanol to remove salts of fatty acids and food, fat and cholesterol ingested are shown in 
other materials insoluble in ether. The ether or ethanol was Table 2. The inclusion of cholesterol in the diet did 
‘ removed by distillation and the extracted material weighed. not affect the appetites of the animals and their body 
} This was then saponified for 6 hr. with 10% (w/v) ethanolic eras inemenal dene Chee tested of Geen 
d KOH solution, 6 ml./g. lipid (Hilditch, 1940). Water (3 vol.) 8 ee a 8- 
was then added and the solution was extracted with an equal The faecal excretion of lipid (ether-soluble, and 
volume of ether divided into three portions. The unsaponi- ethanol-soluble, where determined), unsaponifiable 
fiable matter (U.M.) was recovered from the water-washed matter (U.M.), sterol, total acids and light petroleum- 
ether and weighed. The soap solution was acidified with 10% insoluble acids (where determined), are shown in 
(v/v) H,SO, and extracted with 0-5 vol. ether divided into Table 3. 
f two portions. The ether-soluble acids were weighed. This The discrepancy between the sum of the values for 
ef procedure does not remove all the volatile acids, but these y4. and total acids and the value for total lipid is 
e form a small percentage of the total acids. The relation of the explained by the facts that some lipid was present as 
1 production of volatile acids to cholesterol metabolism will be glyceride and also that some volatile acids are not 
e reported later. In Exps. VI-VIII the acidic fraction was Jetel caiiiieeih teat alli + osiieeeiaall 
1 separated into light petroleum (b.p. 40-60°) soluble and ine ©°™P ote grasa 
| soluble fractions by the following procedure. Lightpetroleum T° lost = the drying process. , 
> (100 ml./g. total acids) was added to the flask, the mixture The urines were not investigated systematically, 








well shaken for 20 min., allowed to stand for 24 hr. and then 


but in Exp. VII the control animals excreted 4-6 g. 
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Table 2. Duration of experiment, weight of rats, total food, fat and added cholesterol ingested 
(C, control group. S, group fed added cholesterol.) 
Increase or Duration 
decrease in wt. of Total Added 
Exp. No. of during exp. experiment food Fat cholesterol 
no. Fat Group animals (g-) (days) (g-) (g-) (g.) 
I Cooking fat C + — 193 17 1077 186 0 
8 4 +115 18 1111 189 18-9 
ia Butter fat C 2 +135 34 1090 189 0 
8 2 +120 28 1065 181 22-6 
lil Olive oil Cc 2 +31 15 532 92 0 
8 2 +205 22 1093 186 18-6 
IV Olive oil C 2 +13 45 1102 191 0 
8 4 +362 35 2242 382 38-2 
V Low fat C 2 +90 22 950 0 0 
8 2 +105 22 970 0 19-0 
VI Olive oil +rat cake Cc 2 +46 39 1125 188 0 
8 2 +47 31 1150 189 18-9 
Vil Rat cake C 6 +442 53 6900 0 0 
Ss 6 +356 53 7000 0 137-0 
Vill Olive oil +rat cake C 2 +70 30 1083 180 0 
8 2 +21 30 1349 221 22-1 
Table 3. Faecal lipids 
(All wts. in g.; —, means not measured.) 
Lipid 
po Light petroleum- 
Wt. Ether- Ethanol- Unsaponifiable Total acids in insoluble acids in 
Exp. dry soluble __ soluble matter Total —"—— po 
no. Group _ faeces (A) (B) (U.M.) sterol A B A B 
I Cc 62-3 6-7 — 3-0 _— 3-3 —_— 0-2 — 
Ss 81-6 24-6 _ 16-6 _ 6-8 — 0-5 - 
Il Cc 59-5 5-9 1-9 1-1 38 — 0-3 — 
Ss 82-6 30-9 - 20-4 — ve _ 0-4 -- 
II Cc 71-0 3-2 = 1-0 1-7 0-1 on 
s 69-2 26-0 a 13-7 1-1 6-8 0-8 pon 
IV e 56-0 58 2-3 12 2-9 _ 0-1 oe 
S 479-3 44-0 — 29-1 _— 11-4 — 1-6 — 
v c 49-0 3-4 a 1-1 0-8 1-7 es 0-1 ws 
s 71-0 19-1 _ 16-7 12-6 23 ae 0-4 asi 
VI Cc 211-0 10-6 10-4 2-0 1-0 6-5 4-2 0-6 1-0 
8 285-0 29-2 ad 15-9 10-7 12-1 6-2 2-1 2-1 
Vil C 1886 82-2 30-4 15-7 13-6 56-3 16-3 2-2 4:3 
S 1900 221-7 40-7 121-6 106-4 76-5 17-6 5:3 7:8 
Vill Cc 240 20-5 3-4 3-7 — 12-8 1-7 1-1 0-6 
s 286 47-6 6-9 20:5 - 21-9 4-4 2-1 15 


lipid and 19mg. sterol and the cholesterol-fed 
animals excreted 3-8 g. lipid and 72 mg. sterol over 
the period of investigation. It would appear that 
little cholesterol is excreted via the kidneys. 

The composition of the lipid components of the 
livers is given in Table 4. In Exps. IJ-IV, VI and 
VIII the animals receiving the cholesterol-containing 
diet all had ‘fatty’ livers. The animals on the low fat 
diets (Exps. V and VII) all showed normal livers. 
There is an increase in the amount of light petroleum- 
insoluble acids in the livers of the animals fed a high- 
fat cholesterol-containing diet (cf. Exps. VII and 
VIII). Cook (1937) had shown that in the rat little 


cholesterol is deposited in tissues other than the 
liver. Such material and the small quantity of 
urinary sterol are neglected in constructing a balance 
sheet of the u.m. metabolism, which is shown in 
Table 5. 

It is convenient to discuss the balance of U.M. 
rather than of sterol, as the values for u.m. have been 
obtained gravimetrically. This communication is not 
primarily concerned with the conversion of chole- 
sterol to non-acidic products which remain in the 
unsaponifiable fraction. The relation of the sterol to 
the unsaponifiable matter in faeces and livers is 
shown in Tables 3 and 4. 
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Table 4. Liver lipids 
(—, means not measured.) 
U.M. Total Total Light 
Livers Lipid ——— sterol acids petroleum- 
as % as % As % as % as % insoluble 
Exp. Fat Group body wt. liver wt. (g-) lipid lipid lipid acids (g.) 
I Cooking fat C 3:3 3-2 0-1 71 -—~ 69-3 od 
8 4-0 3-9 0-4 17-7 60-0 — 
Il Butter fat C 3-1 5-2 0-1 8-0 55-0 0-10 
8 3°5 8-5 0-4 16-0 _ 55-2 0-14 
Il Olive oil C 3-2 53 0-1 9-1 - 72-7 — 
8 3-9 17-8 2-2 39-8 13-8 36-4 0-64 
IV Olive oil Cc 3-2 71 — — 5-0 — 0-11 
8 4:3 15-4 2-0 32-3 28-0 “2 0-20 
V Low fat Cc 3-8 3-5 — -- 5-0 _ — 
8 3-9 4-6 -— 3-6 — - 
VI Olive oil + rat cake C 2-8 7:8 - — 6-6 — — 
8 4-0 11-7 1-1 35-3 30-6 48-3 — 
Vil Rat cake C 3-8 5-1 0-2 4-6 3-7 * 52-2 0-08 
8 4-7 3-5 0-4 11-6 11-6 60-7 0-06 
Vu Olive oil + rat cake C 2-9 7-9 0-1 7-0 — 48-8 0-02 
8 5-5 17-3 2-1 30-6 - 38-3 0-20 


Table 5. Balance sheet of the u.m. metabolism on the various diets 


(The difference between the unsaponifiable matter (U.M.) of the ether extractable lipid of the control and cholesterol-fed 
animals has been taken as a measure of unchanged cholesterol. All weights in g.) 


Difference in Difference in Cholesterol 

Exp. faecal U.M. liver U.M. ingested Difference 

no. A B A+B Cc C-(A+B) 
I 13-6 0-3 13-9 18-9 5-0 
II 18-5 0-3 18-8 22-6 3-8 
Ill 11-7* 2-1 13-8 18-6 48 
IV 24-5* 2-0 26-5 38-2 11-7 
¥ 15-6 0 15-6 19-0 3-4 
VI 13-9 1-0 14-9 18-9 4-0 
Vil 105-9 0-2 106-1 137-0 30-9 
Vill 16-8 2-1 18-9 22-1 3-2 


* In these experiments twice the control value given in Table 3 was subtracted because in Exp. III, C group were on the 
diet for less time than S group and in Exp. IV two animals were in C group as compared with four in S group. 


Table 6. Loss of u.m. and increase in faecal acids on the cholesterol-containing diets 


Increase in total 
faecal acids in 


(‘Loss of u.m.’ taken from Table 5.) 


Increase in light 
petroleum-insoluble acids in 





Light petroleum-insoluble 





— sada! Ts AN ~ acids as % of u.m. loss 
Ether- Ethanol- Ether- Ethanol- c . 
soluble soluble soluble soluble Ether- Ethanol- 
Exp. Loss of lipid lipid lipid lipid soluble soluble 
no. U.M. (g.) (g.-) (g-) (g-) (g-) lipid lipid Total 
I 5-0 35 — 0-3 — 6 — ~- 
II 3-8 3-9 -- 0-1 -- 3 - - 
It 4:8 5-1 — 0-7 — 15 - - 
IV 11-7 8-5 — 1-5 — 13 - - 
V 3-4 0-6 _ 0-3 — 9 -- — 
VI 4-0 5-6 2-0 15 1-1] 37 27 64 
VII 30-9 20-2 1:3 3-1 3-5 10 i] 21 
VIII 3-2 9-1 2-7 1-0 0-9 31 28 59 


There is a loss of U.M. in all experiments, even when 
a diet low in fat is fed (see Exps. V and VII). The 
excretion of acids and the loss of U.M. are compared 
in Table 6. The results of the early experiments are 


not complete, as it was not then realized that 
additional lipid, particularly of an acidic nature, 
could be removed by treatment with boiling ethanol. 
It was also not known that the cholesterol degrada- 
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tion products could be concentrated by virtue of 
their relative insolubility in light petroleum (see 
below). Particularly is this so with Exps. I and II 
where there was a considerable manipulative loss of 
these products. There is an excess of total acids 
excreted in the faeces of the cholesterol-fed animals, 
especially those fed additional fat. This excess ex- 
cretion of fatty acids parallels the loss of u.m. There 
is a marked increase in the excretion of light 
petroleum-insoluble acids particularly with the 
animals fed additional fat. In Exps. VI and VIII the 
increases correspond to 64 and 59 %, respectively, of 
the u.m. loss. The amounts produced on the low fat 
diets (Exps. V and VII) are considerably less. It may 
be of significance that in these animals the liver 
appearance was normal and that with the high-fat 
cholesterol-containing diets more light petroleum- 
insoluble acids are present in the livers. 


Separation of acidic components 


During the initial stages of this investigation the 
acids were separated by conversion to the methyl 
esters followed by fractional distillation in vacuo, 
the ordinary fatty acids being removed. The non- 
volatile residue contained optically active acidic 
products presumably derived from cholesterol. The 
residue of the material obtained by preliminary 
treatment of the faecal acids with light petroleum is 
a dark-brown gum. Attempts to crystallize it from 
the usual organic solvents have been unsuccessful. 
The crude material has an acid equivalent of 386 and 
from it salts (sodium, potassium and barium) may be 
prepared and recrystallized, but even these salts on 
decomposition and extraction give resinous acidic 
products. 


The mixed faecal acids of Exp. VI were separated as 
follows. The acids (10-3 g.) were converted into their methyl 
esters by refluxing with methanolic H,SO, and the esters 
were distilled up to 180° at 0-8 mm. The optically inactive 
distillate consisted of the methy] esters of fatty acids. These 
will be the subject of another communication. The residue 
(2-3 g.) was treated with light petroleum (25 ml., b.p. 40-60°) 
which 1-3g. were insoluble. Chromatography of this 
petroleum-insoluble material in benzene solution over pre- 
cipitated silica (80-180 mesh) gave a viscous oil (0-3 g.) easily 
soluble in methanol and most organic solvents except light 
petroleum. This product hada specific rotation [a]? + 27° in 
CHC, (c, 2:2). The oil was hydrolysed by refluxing it with 
ethanolic KOH solution and the free acid was converted into 
the K salt and thence into the acetol ester by the method of 
Polgar (1948). The latter on heating in ethanolic solution with 
2:4-dinitrophenylsemicarbazide, followed by chromato- 
graphy of the resulting product over precipitated silica, gave 
0-03 g. of a yellow powder, probably not crystalline, m.p. 
98-99°. (Found: C, 57-2; H, 6-8; N, 13-4. CH™s0.,.Nio 
requires C, 56-9; H, 6-5; N, 14:1%.) The above formula 
is that of a bis-dinitrophenylsemicarbazone acetol ester 


R. P. COOK, N. POLGAR AND R. 0. THOMSON 






1950 


derived from a dibasic acid of composition C,,H,,0,. There 
are indications that a number of optically active acids are 
present and these will be the subject of further investigations, 


DISCUSSION 


Numerous balance experiments on cholesterol have 
been carried out in various animal species (for review 
see Cook, 1942). From these experiments the con- 
clusion may be drawn that cholesterol can be 
synthesized, probably from acetic acid units (Little 
& Bloch, 1950), or if large amounts of sterol are fed 
then it is broken down. It is probable that there is a 
balance between synthesis and degradation. Apart 
from non-acidic compounds such as coprosterol 
(Rosenheim & Webster, 1941) no other definite end 
products of metabolism have been isolated. Bloch, 
Berg & Rittenberg (1943) have suggested that 
cholesterol is converted to cholic acid, but this work 
is still unsubstantiated. Turfitt (1948) has indicated 
that certain bacteria can convert cholesterol to 
acidic products in which ring A has been disrupted at 
C,-C,. 

The results reported here show that there is a loss 
of u.m., and therefore of cholesterol, and an increase 
in faecal acids particularly in the light petroleum- 
insoluble fraction. From this fraction has been 
isolated an optically active compound the empirical 
formula of which suggests that it is derived from 
cholesterol. Other optically active acids are present 
in the fraction. 

When fat is present in the diet there is better 
absorption of the cholesterol and there is evidence 
that similar acidic compounds are formed in quantity 
in the liver. The striking increase in the excretion of 
the ordinary fatty acids on the high-fat cholesterol- 
containing diet still remains to be explained. 


SUMMARY 


1. Rats have been fed diets containing 1:6% 
cholesterol in basal diets containing 16-6 % added fat 
(cooking fat, butter or olive oil) and diets low in 
added fat. 

2. The faecal lipids have been fractionated and on 
all diets fed there is an increase in excretion of acids, 
this being greatest with the fat-containing diets. 

3. There is a loss of unsaponifiable matter and 
hence of cholesterol on constructing a balance sheet 
and this loss is of the same order as the increase in the 
light petroleum-insoluble faecal acids. 

4. From the light petroleum-insoluble fraction of 
the faecal acids the derivative of an optically active 
acid of probable empirical formula C,,H,,0, has been 
isolated. 

We are indebted to the Medical Research Council for a 
personal grant to R.O.T. and a grant for expenses. 
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Manometric Determination of L-Aspartic Acid and L-Asparagine 


By H. A. KREBS 
Medical Research Council Unit for Research in Cell Metabolism, 
Department of Biochemistry, University of Sheffield 


(Received 8 June 1950) 


Gale (1945) has developed specific and accurate 
methods employing bacterial decarboxylases by 
which six amino-acids—glutamic acid, ornithine, 
arginine, lysine, histidine and tyrosine—can be 
determined in quantities from 0-05 mg. upwards. 
The method for the determination of L-aspartic acid 
described in this paper supplements Gale’s methods. 
It is based on the combined use of aspartic-glutamic 
transaminase and of the glutamic and oxaloaceiic 
decarboxylases. In a system containing these three 
enzymes, as well as L-aspartic acid and an excess of 
a-ketoglutarate, the following three reactions take 
place: 


(1) L-Aspartic acid + «-ketoglutaric acid 
aspartic-glutamic transaminase 





_— 


L-glutamic acid + oxaloacetic acid, 


(2) Oxaloacetic acid 
oxaloacetic decarboxylase 





pyruvic acid +CO,, 
(3) t-Glutamic acid 
glutamic decarboxylase 





y-aminobutyric acid + CO,. 
The overall effect of these three reactions is: 


(4) t-Aspartic acid + «-ketoglutaric acid = y-ami- 
nobutryic acid + pyruvic acid + 2CO,. 


As the products of reaction 1 are removed quanti- 
tatively by the reactions 2 and 3 the reversible re- 
action 1 proceeds quantitatively from left to right 
and two molecules of carbon dioxide are formed for 
each molecule of aspartic acid present. This principle 
can also be used for the determination of «-keto- 
glutaric acid. If an excess of aspartic acid is added to 
the system containing the three enzymes and an un- 
known quantity of «-ketoglutaric acid, the latter 
limits the extent of the reactions 1, 2 and 3, and two 


molecules of carbon dioxide are formed for each 
molecule of «-ketoglutaric acid. 

L-Asparagine can be determined by this principle 
if the enzymes catalysing 1, 2 and 3 are supple- 
mented by asparaginase which hydrolyses t- 
asparagine: 

Asparagine = aspartic acid + NH. 

If glutamic decarboxylase is omitted from the 
above series of catalysts, one molecule of carbon 
dioxide is formed for each molecule of aspartic acid 
or «-ketoglutaric acid, the balance of reactions 1 
and 2 being: 

u-Aspartic acid+«-ketoglutaric acid=glutamic 
acid + pyruvic acid + CO,. 

Thus a combination of transaminase, oxaloacetic 
decarboxylase and asparaginase may also be used 
for the manometric determination of aspartic acid, 
asparagine or «-ketoglutaric acid. The omission of 
glutamic decarboxylase halves the sensitivity of the 
method, but this simplified procedure may be more 
convenient when facilities for preparing glutamic 
decarboxylase are limited. The only special reagent 
required for the simplified procedure is a trans- 
aminase preparation which is easily obtainable. 


METHODS 


The first part of the paper is concerned with the study of the 
four catalysts required for the methods. Clostridium welchii, 
strain SR 12, served as a source of glutamic decarboxylase, 
heart muscle as a source of aspartic-glutamic transaminase, 
aniline as a catalyst for the decarboxylation of oxaloacetate 
and guinea pig serum or liver as a source of asparaginase. 


Preparation of suspensions of Clostridium welchii 


The medium used for sub-culture and for preparing inocula 
is essentially the ‘Cooked Meat Medium’ described by Lepper 
& Martin (1929). The medium for growing bulk supplies 
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combines the ingredients of the medium of Lepper & Martin 
with those of Gale’s (1947) medium (glucose-casein hydro- 
lysate) and contains in addition yeast extract and phosphate 
buffer. Various modifications which have been tested, in 
particular the omission of the washed ox-heart mince, reduce 
the yield of the organism or the activity of the glutamic de- 
carboxylase. With the medium used the yield of the de- 
carboxylase for the same volume of medium is about three 
times greater than that given by Gale. Moreover, the 
stability of the enzyme seems to be greater so that washed 
suspension can be kept for many weeks. It is a further 
advantage that anaerobic conditions are not required for 
growth or for the preservation of the washed suspension. 
Pyruvic acid is not decarboxylated by the organism (strain 
SR 12) if the latter is grown and treated as described in this 
paper (see Boulanger & Osteux, 1949). 


Stock solutions 

Acid casein hydrolysate with phosphate. This is prepared 
according to McIlwain & Hughes (1944) except that no 
oxalic acid is used for the precipitation of Ca as this was 
found unnecessary. The medium is stored with CHCI, in the 
refrigerator in the form of the ‘basal medium’ described by 
these authors. It may be replaced by commercially available 
enzymic casein digests (e.g. ‘Pronutrin’, Herts. Pharma- 
ceuticals Ltd., Welwyn Garden City) and phosphate buffer. 

Yeast extract. Fresh baker’s yeast (450 g.) is crumbled into 
500 ml. of boiling water and kept simmering for 15 min. The 
suspension is filtered through ‘New Agar-Agar Paper’ 
no. 9043 (J. Barcham Green Ltd., Maidstone, England); the 
filtrate is stored over CHCI,. 

Peptone infusion broth. Fresh ox heart, freed from fat, is 
minced in a kitchen mincer, using the plate with the smallest 
perforations. The mince (500 g.), peptone (‘Oxo’ or ‘ Bacto’) 
(10 g.) and NaCl (5 g.) are placed in 500 ml. of bdiling water 
and simmered for 20 min. The liquid is strained off through 
muslin, filtered through Green’s agar filter and treated with 
n-NaOH until it is blue to thymol blue. It is then heated to 
about 90° until a precipitate of calcium phosphate has 
formed and filtered hot. After adjustment of pH to 7-6 with 
n-HCI the broth is stored over CHCI,. 

Washed ox-heart mince. The mince left over from the pre- 
paration of the infusion broth is used. It is squeezed as dry 
as possible through muslin and then spread on filter paper 
and left overnight. For storage 80 g. lots of mince are mixed 
with 50 ml. of peptone infusion broth and 50 ml. of water in 
250 ml. conical flasks and autoclaved. 

Glucose. The stock solution contains 20 g. glucose and 
1 drop of syrupy H,PO,/100 ml. It is sterilized by auto- 
claving. 

Sub-cultures for maintenance and inoculation 

An approx. 3 em. layer of washed heart mince is put into 

each test tube, followed by 3 ml. of water and 3 ml. of pep- 


tone infusion broth. The tubes are placed in boiling water for 
30 min. before they are autoclaved to remove air. 


Preparation of bulk supplies of | bacterial, suspensions 


Acid casein hydrolysate (80 ml.), ‘and 560 inl. of water (or 
alternatively 20g. of ‘ Pronutrin’ and 560 ml. of 0-05m- 
phosphate buffer pH 7-6) together with one 80g. lot of 
washed ox heart and 100 ml. of infusion broth are sterilized 
by autoclaving in a 1 1. conical flask. After cooling, 50 ml. of 
sterile glucose solution are added. This medium is inoculated 
by adding the contents of a 24 hr. test tube culture to the 
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medium. The flask is kept for 16 hr. at 37° in air. If growth is 
satisfactory, the pH at the end of the incubation has fallen to 
4-0-4:5. At the completion of the incubation the medium is 
shaken up and the supernatant is strained through glass wool. 
The heart residue is washed twice with 50 ml. of 0-:9% NaCl 
solution. The final yield of the sediment is usually 4-5 g. wet 
weight. For each g. wet weight 10 ml. of 0-2M-acetate buffer 
pH 4-5 are added. The suspension obtained is stored in the 
refrigerator where its activity remains fairly constant for 
1 or 2 months. Under standard conditions 0-5 ml. of this 
suspension decarboxylates 10-> mol. glutamic acid (224 yl.) 
quantitatively in 10-20 min. This suspension, if added to 
3 or 4. ml. of unknown sclution of pH 4-5-5-0, is a highly 
specific reagent for L-glutamic acid. The only other sub- 
stances known to cause a production of CO, are oxaloacetic 
and acetoacetic acids. Both may be decomposed prior to the. 
addition of the bacterial suspension by pipetting 0-05 ml. of 
aniline into the main compartment of the manometer vessel. 


Inhibition of glutamic decarboxylase 


When the bacterial enzyme is used in complex media it has to 
be ascertained whether the medium contains substances 
which inactivate the enzyme. Taylor & Gale (1945) have 


Table 1. Effect of various substances on the activity of 
glutamic decarboxylase of washed suspension of Cl. 
welchii 


(The substances tested were placed, together with acetate 
buffer pH 5-0, 0-04 final concentration, and the bacterial 
suspension in the main compartment of the manometer 
vessel; L-glutamate dissolved in acetate buffer was in the 
side arm. In all cases except those marked *, the final yield 
of CO, was not affected by the added substance.) 


Inhibition of 
Concentration initial rate 
Substance added (m) (%) 


Neutral salts 
NaCl 0-7 60 
Na,SO, 0-33 15 
Sodium acetate- acetic acid 0-7 75 
KCl 1-4 78 
CaCl, 0-1 50 
FeCl, 0-013 99* 
CoCl, 0-05 
CdCl, 0-015 
AICI, 0-027 
MnCl, 0-020 
Deproteinizing agents (neutralized) 
Sodium metaphosphate 0-18 
Sodium tungstate 0-027 
NaClO, 0-18 
Sodium trichloroacetate 0-10 


Heavy metal reagents 
NaS 0-022 
NaN, 0-022 
8-Hydroxyquinoline 0-022 
4:4’-Dipyridyl 0-022 

Aldehyde reagents 
Hydroxylamine 
Hydroxylamine 
Phenylhydrazine 0-005 
Na,SO, 0-022 
Semicarbazide 0-022 
HCN 10-4 


5x 10-5 
5x10-4 
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shown that some heavy metals (Ag, Hg and Cu), HCN and 
some aldehyde reagents (NH,OH) inhibit the enzyme. 
Further data of interest in connexion with the analytical use 
of the enzyme are shown in Table 1. No serious interference 
in the activity of the enzyme was found when deproteinizing 
agents, after neutralization to pH 5-0, or fairly high concen- 
trations of neutral salts (NaCl, Na,SO,) were added. Such 
salts may be present in the solution to be tested when the 
original solution is strongly acid, or so dilute that it has to be 
concentrated. Some of the substances tested reduced the 
rate of the decarboxylation, but so long as the inhibition did 
not exceed 80 %, the final yield of CO, was not affected by the 
inhibitor. Narcotics (saturated caprylic alcohol, CHCl,, 
toluene, phenylurethane) had no effect. 

Under the conditions of the test the inhibitor was in 
contact with the bacteria for at least 20 min. at 40° (i.e. 
during the equilibration period) before the glutamate was 
added. The experiments were repeated with the bacterial sus- 
pension in the sidearm and glutamic acid and inhibitor in the 
main compartment. The degree of inhibition was the same 
except with tungstate and FeCl, when it was smaller (30% 
with both). 


Transaminase preparation 


To obtain manometrically a quantitative yield of CO, 
from glutamic acid and oxaloacetic acid, the pH of the 
medium must not be higher than 5-0 because of the retention 
of CO, in less acid solutions. The optimal pH of heart trans- 
aminase is 7-6 (Cohen, 1940), and at pH 5-0 only a small 
fraction of the optimal activity remains. As it is a require- 
ment of quantitative decarboxylation according to reactions 
1, 2 and 3 that transaminase and decarboxylases should act 
upon the substrate at the same time a very powerful trans- 
aminase preparation is needed for the method. Purity of the 
enzyme is not necessary, owing to the high specificity of the 
enzymes, but aspartic acid and its precursors (e.g. protein 
plus proteolytic enzymes) must be absent. 

Assay of transaminase activity. The rate of CO, evolution 
from reaction 4 was found under suitable conditions (i.e. at 
low transaminase and high decarboxylase activity) to be 
proportional to the concentration of transaminase and the 
measurement of the rate can therefore be used for the assay 
of the enzyme. This assay method has the advantage over 
others (see Green, Leloir & Nocito, 1945) that a number of 
readings are obtained for each enzyme concentration. 

A study of the properties of transaminase and the other 
enzymes involved in the test (see later) led to the adoption 
of the following conditions: the main compartment of the 
manometer vessel contained the transaminase preparation 
with 0-5 ml. of 0-2M-acetate buffer pH 5-0, 0-5 ml. of horse or 
ox serum, 0-1 ml. of 2% cetavlon, 0-1 ml. of 0-2m-pL- 
aspartate, 0-5 ml. of suspension of Cl. welchii and water to 
4-0 ml. The side arm contained 0-2 ml. of 0-2M-acetate buffer 
pH 5-0, 0-1 ml. of 0-2M-«-ketoglutarate and 0-05 ml. of 
aniline. The gas space was filled with N, ; temp. 40°. A dilute 
extract from ethanol-dried horse heart, containing 0-7 mg. 
dry matter/ml., gave the following rates of CO, evolution: 


Transaminase CO, evolved 
solution in 1 hr. 
(ml.) (ul.) 

0-1 16. 
0-2 32 
0-4 58 
0-8 101 


1-6 164 
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This procedure proved satisfactory for testing the relative 
activities of transaminase preparations. Similar results were 
obtained when glutamic decarboxylase was omitted except 
that the rate of CO, evolution was halved. 

Fresh heart-muscle extract. For many purposes horse or 
sheep heart extracts, prepared by mixing 2 parts of 0-5% 
NaCl solution with 1 part of finely minced heart muscle and 
centrifuging, have proved satisfactory. Preserved with a drop 
of octanol these extracts, if kept in a refrigerator, maintained 
their activity for several weeks. The heart should be removed 
from the animal within a few minutes after death and cooled 
or frozen until it can be minced. 

Dry heart-muscle preparation. Cardiac muscle of horse or 
sheep was homogenized in a Waring blender with 3 vol. of 
water. The homogenate was centrifuged, the insoluble part 
discarded and the supernatant, which contained about 70% 
of the transaminase activity and 45% of the dry matter of 
the tissue, was reduced in vacuo to about one-tenth of the 
original volume at a bath temperature of about 40°. An 
effective metal condenser and a distilling flask provided with 
a dropping funnel or other device allowing the continuous 
addition of fluid were required. The concentrate was dialysed 
against running tap water for 6 hr. ; this removed about 60% 
of the dry matter. The dialysed material was dried in a 
vacuum desiccator over P,O;. During these operations the 
loss of enzyme activity was small. The dry residue was ground 
to a powder and stored in a desiccator where the trans- 
aminase activity remained fairly constant for several 
months. From 570 g. of fresh heart muscle 25 g. of dried 
‘transaminase’ were obtained. For use a 10% solution in 
0-5% NaCl was made. 

Highly purified preparations. Purified transaminase can be 
prepared without difficulty (O’Kane & Gunsalus, 1947), but 
purification is as a rule not required since impurities, owing 
to the specificity of the enzymes, do not interfere. 

Specificity. No other amino-acid has been found to trans- 
aminate under the test conditions with «-ketoglutarate 
except L-cysteic acid (Bychov, 1939; Cohen, 1940). Alanine 
and phenylalanine, which react under certain conditions 
(alanine at pH 7-4 with heart-muscle preparations, phenyl- 
alanine at the same pH with liver preparations), do not 
measurably interfere. «-Aminoadipic acid is neither de- 
carboxylated by Cl. welchii nor does it transaminate with 
a-ketoglutarate at pH 5-0. 

L-Cysteic acid reacts in the test at about the same rate as 
L-aspartic acid if present in high concentrations (above 
0-02m). At lower concentrations the rate falls, as the 
affinity of cysteic acid for the enzyme is rather low, the half- 
maximum rate occurring at 2-5 x 10-°m. Cysteic acid, of 
course, yields only one equivalent of CO, as the corresponding 
ketonic acid (sulphopyruvic acid), unlike oxaloacetic acid, 
does not undergo decarboxylation. It has not been possible 
to separate the catalysts responsible for the reactivity of 
cysteic acid and aspartic acid; they are probably identical. 

As cysteic acid is not present in the materials commonly 
encountered, interference from this substance in the deter- 
mination of aspartic acid will be exceptional. 

An unusual type of interference with the specificity may 
arise if inhibitors of glutamic decarboxylase belonging to the 
group of ‘aldehyde reagents’ (see Table 1) are present. Any 
glutamic acid present in the unknown solution is in this case 
not decarboxylated during the equilibration period owing to 
the inhibition of glutamic decarboxylase. Addition of «- 
ketoglutarate removes the aldehyde reagent and restores the 
activity of glutamic decarboxylase. An example is the 
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following: a manometer vessel with two side arms con- 
tained 3 ml. of 0-04m-acetate buffer with 0-06% cetavlon, 
2 x 10-5 mol. t-glutamic acid and 3 x 10-°m-NH,OH. HCl in 
the main compartment. The first side arm contained 0-5 ml. 
of Cl. welchii suspension, the second 0-4 ml. of 0-1M-a- 
ketoglutarate in 0-1M-acetate buffer pH 5-0. Temperature, 
40°; gas, N,. After equilibrium the bacterial suspension was 
mixed with the glutamate and no evolution of CO, occurred 
in the following 30 min. The contents of the second side arm 
were then tipped into the main compartment. The CO, 
evolution was as follows: after 10 min., 76 yl.; after 20 min., 
276 l.; after 40 min., 426 yl.; after 60 min., 452 pl. (cale. for 
complete decarboxylation, 448 yl.). In a similar experiment 
in which HCN instead of NH,OH was the inhibitor of glu- 
tamic decarboxylase, the effect of «-ketoglutarate on the 
inhibition was only slight. 

Inhibition of transaminase. The following substances, when 
tested in the concentrations stated in Table 1, did not inter- 
fere with the use of transaminase: NaCl, sodium acetate, 
sodium metaphosphate, sodium trichloroacetate, CoCl,, 
CdCl,, MnCl,. Although the initial rate of CO, evolution was 
decreased in some cases the final yield of CO, was not affected. 
Na,SO, and other sulphates inhibited strongly in concentra- 
tions above 0-05 (cf. also Braunstein, 1947). 


Decarboxylation of oxaloacetate 


Suspensions of Cl. welchiit and transaminase preparations 
decarboxylate oxaloacetate at pH 5-0. However, the reaction 
is not rapid compared with decarboxylation of glutamic acid, 
and whether it is non-enzymic or (partly) enzymic has not 
been investigated. The rate of CO, evolution in the system 
bringing about reaction 4is greatly accelerated by the addition 
of agents which decarboxylate oxaloacetate, such as aniline 
or multivalent cations, e.g. CoCl, (Table 2). The amount of 
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creases; the rate of loss of activity is lowered in the presence 
of serum or of other solutions containing protein. If trans- 
aminase is present and if the aniline (0-05 ml.) is kept in the 
side arm during the equilibration period, the inhibitory effect 
of aniline on the glutamic decarboxylase is not serious. 


Asparaginase 


Asparaginase activity is found in many animal and plant 
tissues. It is also present in guinea pig blood serum, but 
absent from the serum of most other mammalian species 
(Lang, 1904; Firth & Friedmann, 1910; Clementi, 1922; 
Geddes & Hunter, 1928). Its pH optimum is between 7-1 and 
7-4 (Krebs, unpublished data; see also Clementi & Pram- 
polini, 1929; Suzuki, 1936; Hiwatasi, 1941) and in acetate 
buffer at pH 5-0 the activity is about 20-30% of that in 
phosphate buffer at pH 7-4. Therefore highly active pre- 
parations are required for the present purpose. Among the 
known sources of asparaginase, guinea pig liver and serum are 
the richest. The following preparations were used: 

Guinea pig serum. This was regularly available through the 
courtesy of the Department of Bacteriology where animals 
had to be killed in the guinea pig inoculation test for the 
detection of tubercle bacilli. To 50 ml. serum 1 ml. of 
n-HCl was added to adjust the pH to about 5. If the serum is 
also added to a control test no steps need to be taken to 
remove the traces of aspartic acid and «-ketoglutarate 
present in the serum. When preserved with a drop of sec.- 
octanol and kept in the refrigerator the asparaginase activity 
of serum remained constant for several weeks. 

A stable dry preparation of serum asparaginase was ob- 
tained by adding to ice-cold serum, whilst stirring vigorously, 
2 vol. of ice-cold ethanol. After centrifugation the sediment 
was dried in a desiccator over H,SO,. From 10 ml. serum 
about 0-5 g. dry powder were obtained. About one-half of the 


Table 2. Effect of aniline and cobaltous chloride on the evolution of carbon dioxide in a system 
containing aspartic acid, «-ketoglutaric acid, transaminase and glutaric decarboxylase 


(Main compartment in all cups: 0-2 ml. transaminase (10% ‘dry heart preparation’); 0-5 ml. Cl. welchii; 0-1 ml. 2% 
cetavlon; 0-5 ml. 0-2m-acetate buffer, pH 5-0; 0-1 ml. 0-2M-pL-aspartate; water to 4-5 ml. Side arm: 0-1 ml. 0-2M-a-keto- 


glutarate; 0-2 ml. 0-2m-acetate buffer, pH 5-0.) 


CO, evolved after mixing (l.) 


SSS 


1 
Addition to side arm Nil 
Time (min.) 
5 19 
10 29 
20 64 
35 107 
45 136 
60 193 
80 256 
110 322 


CO, evolved in the first 20 min. is almost quadrupled by 
aniline. Increase in the rate of reaction alone could at the 
most double the rate of CO, evolution and it may therefore be 
assumed that aniline also accelerates 1 by removing one of its 
reaction products. As aniline was the most effective catalyst 
it was adopted for the standard procedure. A difficulty arose 
from the inhibitory action of aniline on glutamic decarboxy- 
lase found under certain conditions. If a suspension of Cl. 
welchii is incubated with aniline before the addition of 
glutamate, the decarboxylase activity progressively de- 


2 3 4 
Aniline Aniline m-CoCl, 
(0-05 ml.) (0-025 ml.) (0-1 ml.) 
33 26 29 
102 75 75 
251 197 184 
355 285 266 
414 351 328 
446 420 399 
450 438 436 
449 449 445 


original activity was lost during this treatment, but once 
dried the enzyme was stable. A specimen kept in a desiccator 
for over a year showed no appreciable loss. For use a 10% 
suspension of the dry ground powder in water was made. 
Guinea pig liver. Liver asparaginase was found to be 
associated mainly with the insoluble particles. On homo- 
genizing liver with water or 0-9% NaCl solution and centri- 
fugation, the major part of the asparaginase activity re- 
mained in the sediment. A stable preparation free from inter- 
fering substances, which remained active for over a year, was 
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pH 5-0; 0-2 ml. 


5 ml. Cl. welchii suspension 
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aniline where indicated below; water to mak 


5 ml. 


; : ; . bas ea . 
Table 3. Formation of glutamic and aspartic acids in liver preparations 
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aetna » | 
Aniline Aniline 
Keto- 


Aniline 


Keto- 


Aniline 





— 


Aniline 


Keto- 


Aniline 





Addition to main compartment 


Keto- Keto- 


Keto- 


Addition to side arm 


glutarate glutarate glutarate glutarate glutarate 


glutarate 


388 249 325 510 1120 389 971 133 176 108 136 


274 


Ist hour’ 


9 
12 


1 


20 
16 


16 33 108 224 47 119 
168 


2 


130 


2nd hour 


37 


101 


48 


110 


48 


140 


46 
44 


3rd hour 
4th hour 


40 


27 


160 


made as follows: Finely minced liver (cooled to 0°) was mixed 
with 2 vol. of ice-cold ethanol. The mixture was thoroughly 
stirred, centrifuged and the sediment was resuspended in 
2 vol. ice-cold 50% (v/v) ethanol. The sediment was again 
centrifuged and then dried in a desiccator. About 50% of the 
original activity disappeared during the ethanol treatment. 
A 12% (w/v) suspension of the dry ground powder in water 
was used. 

Fresh liver homogenates are not suitable for use in 
asparagine determinations because the proteolytic enzymes 
of liver tissue gradually release glutamic and aspartic acids 
from the tissue proteins. This results in a large blank value, 
i.e. evolution of CO, in the absence of aspartic and asparagine 
in the unknown solution, a complication which does not arise 
when ethanol-treated liver is used. As may be seen from 
Table 3 fresh liver homogenates continuously evolve CO, at 
pH 5-0 in the presence of glutamic decarboxylase and the rate 
of CO, evolution is increased by the addition of «-keto- 
glutarate, indicating that both glutamic and aspartic acids 
continuously arise. A large proportion of the gas evolution 
during the first hour was caused by the decomposition of free 
glutamic and aspartic acids present in the liver preparations 
at the start, whilst the fairly constant rate of CO, production 
during the next 3 hr. was due to the formation of the di- 
carboxylic amino-acids by proteolysis. In the freshly pre- 
pared guinea pig-liver homogenate CO, evolution was slower 
than in the homogenate which had been stored for 4 days, 
presumably because the protein had been partially hydrolysed 
during storage (as indicated by the higher figures for CO, 
evolution in the first hour) and because the free amino-acids 
arise more readily in the later stages of hydrolysis. Addition 
of aniline inhibited the production of both glutamic and 
aspartic acids in homogenates and ethanol treatment reduced 
it further. Ethanol treatment and addition of aniline 
together (last column of Table 3) reduced the generation of 
the amino-acids in the system used for the determination of 
aspartic acid and asparagine to negligible proportions (con- 
sidering that the quantities of liver preparation used in the 
analytical test are one-quarter of that used in the experiment 
recorded in Table 3). 

Quantity of enzyme preparation required. Sufficient 
quantities are, for each manometer vessel, 0-5 ml. of dialysed 
guinea pig serum, or of the 10% dried serum preparation, or 
of a 12% dried liver preparation. These quantities are of 
approximately equal activity. If the volume of the fluid in 
the manometer is to be kept low, the suspensions may be 
replaced by a corresponding amount of the dry powder. 


PROCEDURES 


Reagents. (a) Acelate buffer 0-2mM, pH 5-0 (18-1 g. 
NaC,H,0,.3H,O and 4-0 g. CH,COOH in 11.). (b) a-Keto- 
glutarate, 0-2M solution, prepared in small quantities from the 
acid and mM-Na,CO, and stored in the refrigerator. For the 
preparation of «-ketoglutaric acid see Friedman & Kosower 
(1946). (c) Transaminase solution (fresh heart-muscle extract 
or 10% of dried preparation in 0-5% NaCl). (d) Suspen- 
sion of Cl. welchii in acetate buffer, as described on p. 606. 
(e) Aniline A.R., recently redistilled. (f) Cetyltrimethyl- 
ammonium bromide (‘cetavlon’), 2% in water. (g) Aspara- 
ginase preparation as described on p. 608. (h) L-Aspartate 
0-2 or DL-aspartate 0-4M, prepared in small quantities from 
the amino-acids and M-Na,CO, and stored in the refrigerator. 

Determination of aspartic acid. Conical manometer cups 
with side arm and centre well are required. The side arm 
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contains 0-2 ml. of (a), 0-1 ml. of (6), 0-2 ml. of (c), 0-1 ml. of 
(d) and 0-05 ml. of (e); the main compartment 0-5 ml. of (d), 
0-1 ml. of (f) and 3 ml. of unknown solution, the pH of which 
is adjusted to approx. 5 with HCl or NaOH. The centre well 
contains a stick of yellow P and the gas space N, ; temperature 
40°. A control cup contains the same solutions except for the 
ketoglutarate solution in the side arm, which is replaced by 
the same volume of water. The manometers are shaken at 
40° until equilibrium is reached. The contents of the side arm 
are then emptied into the main compartment, and shaking is 
continued until the gas evolution ceases. The pressure 
changes in the control usually do not exceed 5-8 mm. 

Since 1 mol. of aspartic acid yields 2 mol. of CO,, 448 yl. 
CO, correspond to 1-33 mg. aspartic acid. 

Determination of asparagine plus aspartic acid. The condi- 
tions are the same as for the determination of aspartic acid 
except that 0-5 ml. of asparaginase preparation is added to 
the main compartment. 

Determination of «-ketoglutaric acid. The conditions are the 
same except that the «-ketoglutarate solution in the side arm 
is replaced by 0-1 ml. of L-aspartate solution or 0-2 ml. of 
DL-aspartate. 

Shortened procedures. As already mentioned, omission of 
glutamic decarboxylase halves the yield of CO,. Except for 
the omission of the suspension of Cl. welchii and the cetavlon 
solution the procedures for the determination of aspartic acid, 
asparagine and «-ketoglutaric acid are the same. 

Comment. Cetyltrimethylammonium bromide is added 
because it accelerates the decomposition of glutamine (Krebs, 
1948; Hughes, 1949), which with the full procedure must 
necessarily take place in the unknown solution before the 
contents of the side arm and main compartment are mixed. 
If no glutamine is present, or if the shortened procedure is 
used, the detergent may be omitted. 

Anaerobic conditions are used to exclude interference from 
the absorption of O, which may occur with some biological 
materials. Air may be used in the gas space when it is known 
that O, is not absorbed. 

The quantities of «-ketoglutarate and L-aspartate recom- 
mended are sufficient for the determination of equivalent 
amounts (2 x 10-5 mol.) of L-aspartate or a-ketoglutarate 
respectively. The quantity of the unknown solution analysed 
must be so adjusted as to contain no more than 2 x 10-5 mol. 

In the full procedure suggested, preformed glutamic acid in 
all solutions and preformed aspartic acid in the transaminase 
preparation are decomposed before the analysis of the un- 
known solution begins. 


Recovery experiments 


The aspartic acid used was a recrystallized specimen of the 
pL-compound supplied by Roche Products Ltd., the L- 
asparagine was the monohydrate and the «-ketoglutaric acid 
(m.p. 113°) was prepared in the laboratory. 

Full procedure. Representative data showing the recovery 
of aspartic acid, asparagine and «-ketoglutaric acid from 
pure solutions are shown in Table 4. It will be seen with the 
lower concentrations of aspartic acid and asparagine 
(equivalent to 1001. CO, and less) recovery was complete 
within the expected limits of error (+4%), but with higher 
concentrations the recovery was consistently a few per cent 
below the expected value. The consistency suggests that the 
small deficit results from a systematic shortcoming of the 
procedure, perhaps due to a side reaction of oxaloacetate, 
such as reduction to malate. Asthe deficit is very small it may 
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be neglected in most cases. Recovery of «-ketoglutarate was 
quantitative. 

When aspartic acid was added to casein hydrolysate and to 
HCl extracts of animal tissues prepared as described below, 
recovery was the same as in pure solutions. This also applies 
to mixtures of L-aspartate, «-ketoglutarate and L-glutamate, 
provided that they did not contain transaminase. If present, 
transaminase may be inactivated by placing the solution for 
10 min. in boiling water. 


Table 4. Recovery of L-aspartic acid, L-asparagine 
and «-ketoglutaric acid from pure solutions 


(‘Full procedure.’) 
CO, evolved (l.) 


Substance tested Expected Found 
Aspartic acid 45 47 
90 89 
189 180 
448 436 
Asparagine 22-4 23 
44-8 43 
89-6 88 
189 177 
448 439 
a-Ketoglutaric acid 112 111 
224 222 
448 453 


Shortened procedure. Recovery data are shown in Table 5. 
They are no less satisfactory than those obtained with the full 
procedure. 


Table 5. Recovery of L-aspartic acid, L-asparagine 
and «-ketoglutaric acid from pure solutions 


(‘Shortened procedure.’) 
CO, evolved (yl.) 


2 

Substance added Expected Found 
pL-Aspartic acid 28 30 
56 53 
112 112 
224 228 
L-Asparagine 28 30 
56 58 
112 116 
224 217 
a-Ketoglutaric acid 28 27 
56 56 
112 110 
224 215 

APPLICATIONS 


L-Aspartic acid content of casein. Casein (‘light 
white soluble’, British Drug Houses Ltd., batch 
406673/480824) (20-00 g.), containing 6-0 % moisture 
(determiued by drying at 105°) and 45% ash 
(determined by incinerating at 500-550°), was 
mixed with 200 ml. of 6N-hydrochloric acid and 
heated in an oil bath at 120° for 20 hr. The hydro- 
lysate was diluted to 250 ml. in a measuring flask and 
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a sample was diluted ten times with sufficient 
sodium hydroxide to bring the pH to about 5. This 
dilute solution (1 ml.) yielded 235 yl. carbon dioxide 
from glutamic acid on addition of Cl. welchii. In the 
aspartic acid determination (full procedure) 2 ml. 
yielded 310 ul. carbon dioxide. The L-glutamic acid 
content was thus 21-65 g., the L-aspartic acid content 
6-25 g./100 g. of dry and ash-free casein. Bailey, 
Chibnall, Rees & Williams (1943) reported 22-00 % 
glutamic acid and 6-68% aspartic acid (cf. also 
Gordon, Semmett, Cable & Morris, 1949). 

Interconversion of L-glutamate and t-aspartate in 
rat-liver homogenates. This question arose in con- 
nexion with the study of the mechanism of transami- 
nation (Krebs & Eggleston, 1948; Ratner & Pappas, 
1949). The hypothesis of Ratner & Pappas postulates 
a formation of aspartate from glutamate in rat-liver 
homogenates and the following experiment shows 
that this occurs. Rat liver was homogenized with 
15 parts of phosphate saline with additional mag- 
nesium chloride (see Krebs & Eggleston, 1948). 
After addition of further saline or substrate solutions 
the final concentration of liver tissue was 5%. The 
additional substrates included adenosinetriphos- 
phate (0-002m final concentration) in each case. 
Oxygen uptake and changes in the concentrations 
of glutamate and aspartate were measured (full 
procedure). The data in Table 6 refer to 4. ml. of 
homogenate. 

It will be seen that about half of the glutamate 
removed appeared as aspartate. The accumulation 
of aspartate is probably due to the fact that its 
oxidative removal is relatively slow, especially in the 
second 30 min. of incubation. The extra oxygen up- 
take on addition of aspartate is very much smaller 
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than that caused by the addition of glutamate. 
Aspartate is also converted into glutamate, but only 
about one-seventh of the aspartate removed is re- 
recovered as glutamate. This is not surprising in view 
of the rapid oxidation of glutamate under the test 
conditions. 

Aspartic acid, asparagine and «-ketoglutaric acid in 
animal tissues. Animal tissues were removed from 
the body as soon as possible after death, frozen in 
solid carbon dioxide and kept in the frozen state until 
analysed. For analysis the material was allowed to 
thaw ; immediately after thawing 20 g. of tissue were 
homogenized in a Waring blender with 40 ml. of 
0-5Nn-hydrochloric acid. The homogenate was centri- 
fuged and 2 or 3 ml. of the supernatant were used for 
each analysis (full procedure). Sufficient 2N-sodium 
hydroxide (usually 0-15 ml./ml. extract) was added 
to the manometer cups to reduce the acidity of the 
tissue extract to pH 5-0. Data obtained with this 
technique are shown in Table 7. The tissues examined 
all contained some «-ketoglutaric acid, the quantities 
being of the order of 10-* mol./g. (15 mg./100 g.). 
The amounts of aspartic acid and asparagine were 
below the range of the method in pigeon-breast 
muscle and guinea pig liver, but were measurable in 
several other tissues. Compared with the quantities 
of glutamic acid and glutamine present in animal 
tissues (Krebs, Eggleston & Hems, 1949) those of 
aspartic acid and asparagine were very small. The 
ratio glutamic acid plus glutamine: aspartic acid plus 
asparagine is about 30 for sheep kidney cortex, 12 for 
sheepspleen, 30 for sheep brain, 100 for pigeon-breast 
muscle. Free asparagine was detectable in spleen, 
kidney and liver of sheep. Its presence in animal 
tissues does not appear to have been recorded before. 


Table 6. Interconversion of L-glutamate and L-aspartate in rat-liver homogenates 


(Temp. 40°. Gas phase, O,. For other experimental details see text.) 


Changes observed (yl.) 
A... 








€" —— 
O, Glutamate Aspartate 
o , " = a ‘ = : \ 
Substrates added to4 ml. 30min. 60 min. 30 min. 60 min. 30 min. 60 min. 
None — 350 — 460 — +4 = +5 
L-Glutamate (846 pl.) — 625 — 1507 — 237 — 482 +130 +201 
L-Aspartate (904 yl. — 395 — 565 +51 +59 — 367 —375 


Table 7. Aspartic acid, asparagine and «-ketoglutaric acid in animal tissues immediately after death 


(For procedure see text.) 


(10-* g. mol./g. tissue) 





cr 


: = 
a-Ketoglutaric 


Aspartic 
Tissue acid Asparagine acid 
Kidney cortex, sheep 0-23 0-06 1-7 
Spleen, sheep 0-97 0-17 0-4 
Brain (whole), sheep 0-44 <0-05 0-73 
Liver, sheep 0-20 0-15 2:1 
Cardiac muscle, sheep 0-15 0-05 0-05 
Striated muscle, pigeon <0-05 <0-05 1-0 
<0-05 <0-05 0-3 


Liver, guinea pig 


39-2 
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Very different results were obtained when the 
tissues were not frozen immediately, or if after 
freezing they were stored in the refrigerator at about 
+ 2° or if less acid solutions were used in extracting 
the tissues (see Table 8). Unless enzymic activities 
are suppressed after killing, the concentrations of 
aspartic acid and asparagine increase and that of «- 
ketoglutaric acid falls, the former being due to 
protein decomposition, the latter to transamination 
of ketoglutaric acid with the newly formed aspartic 
acid. Ten- to a hundred-fold increases in the amounts 
of aspartic acid and asparagine were recorded. 
Asparagine appeared especially in extracts made 
with 0-1N-hydrochloric acid or 0-12N-metaphos- 
phoric acid. The dilute acids produce a pH at which 
the proteolytic enzymes are relatively more active 
than asparaginase. 

Aspartic acid, asparagine, glutamic acid and 
glutamine in germinating peas. Seedlings of the 
legume family are known to produce glutamine and 
asparagine, especially when growing in the absence of 


Table 8. 
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light (Chibnall, 1939; Vickery, Pucher & Deuber, 
1942; Vickery & Pucher, 1943). Peas (Carter's 
‘Early Superb’) were grown in sawdust at 25° ina 
darkroom. One group was kept moist with tap water, 
the other with a solution of 0-05% ammonium bi- 
carbonate in tap water. For analysis the whole 
seedlings were ground in the presence of sand with 
0-5N-hydrochloric acid (5 ml./g. of tissue). Of the 
resulting suspension 2 ml. were used for the deter- 
mination of glutamic acid and glutamine according 
to Krebs (1948) and 0-5-2 ml. each for the determi- 
nation of aspartic acid and asparagine (full pro- 
cedure). Sufficient sodium hydroxide was added to 
bring the pH of the suspension to about 5 before the 
acetate buffer was added. Results are shown in 
Table 9. At the start of germination a little glut- 
amine, but no glutamic acid, aspartic acid or 
asparagine, was present. After 10 days all four 
compounds were found with asparagine prevailing. 
Subsequently glutamic acid, glutamine and aspartic 
acid fluctuated only little, but the concentration of 


'spartic acid, asparagine and a-ketoglutaric acid in animal tissues subjected to various treatments 


(Unless otherwise stated the tissues were extracted with 2 vol. of 0-5N-HCIl.) 


(10-6 g. mol./g. tissue) 








Tissue 
Liver, guinea pig 


Kidney cortex, sheep 


Kidney cortex, sheep 
Spleen, sheep 
Spleen, sheep 

Liver, sheep 


Brain (whole), sheep 


Striated muscle, pigeon 


Treatment 

Frozen in CO,, thawed and stored at 20° 
for 40 hr. 

Frozen in CO,, homogenized with 2 vol. 
0-1N-HCl; homogenate left 18 hr. at 
20° 

Cooled in ice water, homogenized with 
2 vol. 0-12 N-metaphosphoric acid 

Frozen in CO,, thawed and stored at 2° 
for 48 hr. 

Cooled in ice water, homogenized with 
2 vol. 0-12 N-metaphosphoric acid 

Frozen in CO,, thawed and stored at 2° 
for 48 hr. 

Frozen in CO,, thawed and stored at 2° 
for 48 hr. 

Frozen in CO,, thawed and stored at 20° 
or 48 hr. 


“ Aspartic a-Ketoglutaric 
acid Asparagine acid 
20-6 0 0 
13-6 16-2 0 
1-4 1-1 0 
2-1 2-5 0-3 
7-0 4:3 0 
2:7 0-3 0 
2-8 0 0-3 
3:3 0-4 0 


Table 9. Aspartic and glutamic acids and their amides in etiolated pea seedlings 


(For growth conditions see text; the initial value was obtained from material soaked in water for 24 hr. at 20°.) 





Period of Content (mg./g. fresh wt. of seedling) 
germination — AW — 
(days) Treatment Glutamic acid Glutamine Aspartic acid Asparagine 
0 Tap water 0 0-20 0 0 
10 Tap water 0-42 0-25 0-14 0-73 
21 Tap water 0-44 0-32 0-21 3-26 
WH - —--—~’ 
30 Tap water 0-19 0-20 3-87 
35 Tap water 0-66 0 7-52 
10 NH,HCO, 1-10 0-44 0-23 1-89 
21 NH,HCO, 0-20 0-23 0-25 * 6-15 
We 
30 NH,HCO, 0-26 0-29 6-78 
35 NH,HCO, 0-56 0-26 8-58 
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asparagine rose. Addition of ammonium salts in- 
creased the amount of asparagine, and in the early 
stages also those of glutamic acid. The highest con- 
centration of asparagine (expressed as anhydrous 
product) observed was 8-58 % of the wet weight of 
pea seedlings. The water content of this sample was 
94-0 %. Thus 14-3 % of the dry matter of the seedling 
consisted of anhydrous asparagine. Vickery e¢ al. 
(1942) and Vickery & Pucher (1943) found for 
Lupinus albus a maximum asparagine content of 
25-4 % of the dry matter, for L. angustifolius, 14-5% 
and for Vicia atropurpurea, 8-1 %. The data obtained 
on peas suggests that they may be a satisfactory 
source for the preparation of asparagine. 


DISCUSSION 


The specificity of the methods described is governed 
by the specificity of the enzyme preparations used. 
With the exception of cysteic acid which is usually 
absent, aspartic acid is the only amino-acid which 
reacts with ketoglutarate under the conditions of the 
test, and ketoglutaric acid the only «-ketonic acid 
which reacts with aspartic acid. The specificity of the 
methods is therefore very high. A complication may 
arise if the material to be examined contains proteins 
together with proteolytic enzymes. In this case 
aspartic acid may be formed from protein during the 
determination, and the result represents free pius 
part of the combined aspartic acid (see Schurr, 
Thompson, Henderson & Elvehjem, 1950). Errors of 
this kind can be prevented by heat inactivation of 
the proteolytic enzymes in the unknown solution. 

A number of micromethods for the determination 
of L-aspartic acid have been elaborated in recent 
years, using the following principles : microbiological 
assay with Leuconostoc mesenterioides P-60 (Hac & 
Snell, 1945); treatment with nitrous acid and polari- 
metric determination of the malic acid formed 
(Roberts, 1947) ; treatment with methyl sulphate and 
alkali, reduction of the fumaric and maleic acids 
formed to succinic acid and manometric determina- 
tion of the latter (Braunstein, Nemchinskaya & 
Vilenkina, 1947); treatment with methyl sulphate 
and polarographic determination of the unsaturated 
acids formed (Warshowsky & Rice, 1948); con- 
version into acetaldehyde and colorimetric deter- 
mination of the latter (Fromageot & Colas, 1949); 
decomposition with bacterial aspartase and deter- 
mination of the ammonia formed (Virtanen & 
Louhivuori, 1947, 1948); bacterial decarboxylation 
by an organism, provisionally called Pseudo myco- 
bacterium (which is not generally available) and 
manometric determination of the carbon dioxide 
formed (Mardashev & Gladkova, 1948). 

The method for the determination of aspartic acid 
described in this paper compares favourably with 
those quoted in respect to accuracy or specificity or 
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sensitivity or convenience, with the possible ex- 
ception of the method of Mardashev & Gladkova 
(1948) which could not be tested. 

An alternative method for the determination of «- 
ketoglutarate is based on the isolation of the 2:4- 
dinitrophenylhydrazone, the oxidation of the latter 
to succinate with acid permanganate and the mano- 
metric determination of the succinate (Krebs, 1938). 
The present method is more rapid, and in terms of 
gas evolution its sensitivity is four times greater. 

The principle used for the determination of 
aspartic acid may also be applicable to the deter- 
mination of alanine or other amino-acids which 
transaminate with «a-ketoglutarate. Sufficiently 
active preparations of the necessary enzymes are, 
however, not yet available. 


SUMMARY 


1. Manometric methods for the determination of 
L-aspartic acid, L-asparagine and «-ketoglutaric 
acid, based on the use of aspartic-glutamic trans- 
aminase, oxaloacetic decarboxylase and glutamic 
decarboxylase, are described. 

2. t-Aspartic acid is determined by the addition 
to the solution to be examined of aspartic-glutamic- 
transaminase, oxaloacetic decarboxylase (plus ani- 
line), glutamic decarboxylase and an excess of «- 
ketoglutarate. Transamination followed by the de- 
carboxylation of the glutamic and oxaloacetic acids 
formed leads to the formation of two molecules of 
carbon dioxide per molecule of aspartic acid. 
Glutamic decarboxylase may be omitted; in this 
case one molecule of carbon dioxide is formed per 
molecule of aspartic acid. 

3. Asparagine behaves like aspartic acid if 
asparaginase is present. 

4. «-Ketoglutarate is determined on the same 
principle by adding to the solution to be examined 
the above mixture of enzymes and an excess of 
aspartic acid. 

5. The methods have been applied to the analysis 
of casein, of animal tissues, homogenates from 
animal tissues and plant material. 

6. A rapid conversion of glutamic acid into as- 
partic acid is shown to occur in respiring liver homo- 
genates. 

7. Data on the changes in the content of aspartic 
acid and glutamic acid and their amides in growing 
etiolated pea seedlings are given. 

8. Data are also given on the concentrations of 
aspartic acid, asparagine and «-ketoglutaric acid in 
animal tissues and on the changes in these concen- 
trations which occur soon after death as a result of 


autolysis. 
The author wishes to thank Mr D. E. Hughes for data on 


the properties of glutamic decarboxylase preparations and 
Mr R. Hems and Miss E. Ellis for technical assistance. 
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The Isolation from Normal Tobacco Leaves of Nucleoprotein 
with some Similarity to Plant Viruses 


By N. W. PIRIE 
Rothamsted Experimental Station, Harpenden, Hertfordshire 


(Received 28 June 1950) 


Thirty years ago various lines of evidence defined the 
limits of size within which the viruses fell, and it 
became obvious that viruses were larger than other 
soluble materials that had by that time been studied 
biochemically. It was generally assumed that they 
were largely protein, and it was therefore probable 
that they would be dense enough to be separable by 
centrifugation; this was achieved with tobacco 
mosaic virus by Bechold & Schlesinger (1933). In- 
fective material has been sedimented from extracts of 
diverse origin in many different laboratories, and the 
products so obtained are generally spoken of as if 
they consist largely or even exclusively of virus. This 
usage depends on the underlying assumption that 
particles with physical properties similar to those of 
viruses are rare in uninfected tissues. Claude (1940) 
showed that the assumption was unfounded and, 


using the same techniques on normal tissue that 
were being used to make preparations of Rous 
sarcoma virus from tumour tissue, he prepared 
virus-like material from a range of tissues. His in- 
vestigations laid the foundations of our knowledge of 
macromolecular tissue components. The need for 
adequate controls is so well recognized in bio- 
chemistry that it seems odd at first sight that pre- 
parations from uninfected tissues should not have 
been made earlier and more extensively. Much of 
our knowledge of viruses has, however, come from 
work that was not primarily concerned with their 
biochemistry, and it is often by no means easy to see 
which normal tissue would be most suitable for use as 
a control, and in what nutritional state it should be. 
Whatever the reason, no work on plant material has 
so far been published that is at all comparable in 
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thoroughness to Claude’s work on animal tissues. 
Detailed knowledge of plant viruses is limited to the 
small fraction of their number robust enough to with- 
stand the ordinary procedures of fractionation (cf. 
Pirie, 1946). The leaves on which viruses are 
generally cultivated do not, however, contain 
significant amounts of extractable macromolecular 
protein with this stability. The normal macro- 
molecules only obtrude themselves when methods 
adapted to the unstable plant viruses are being used. 
Information about them is not only of intrinsic 
interest, but it is an essential preliminary to any 
work on the unstable majority of plant viruses. 

In this paper attention will be confined to material 
that could be carried through into a virus prepara- 
tion made by the ultracentrifugation of extracts of 
tobacco leaves. The main component is a nucleo- 
protein. There is every reason to think that it is in- 
homogeneous and it may be derived from different 
parts of the leaf; it will however, for convenience, be 
treated as if it were a single substance, and will be 
referred to as NP. 


METHOD OF PREPARATION 


The midribs are cut out from tobacco leaves immediately 
after picking, and the laminae are passed through a domestic 
meat mincer and squeezed on madapollam into a cylinder 
cooled with ice. The residue is reminced and squeezed again. 
Starch grains and the coarser cell fragments are removed by 
centrifuging for 10 min. at about 8000 rev./min. (6000 g) in a 
chilled angle centrifuge and the slightly green and opalescent 
fluid is ultracentrifuged in a chilled head of the type described 
by Masket (1941). 30 min. at 40,000 rev./min. (80,000 g) is 
sufficient. Sedimentation aggregates most of the chromo- 
protein in leaf sap so that a pale-yellow opalescent extract 
results when the ultracentrifuge pellets are stirred up with 
water at pH 6, using one-tenth of the original volume of sap, 
and centrifuged for a few minutes at 8000 rev./min. The 
green residue is re-extracted with water. Each of these 
extractions should be allowed to proceed for about 1 hr. 
before the residue is centrifuged off; the mixture should be 
kept cold at all times. The combined extracts are ultra- 
centrifuged again and the pellet is extracted with water, this 
time the volume of water used should be one-fiftieth or one- 
hundredth of the volume of sap. The product is a colourless or 
pale-green opalescent solution. The chromoprotein can be 
removed completely by centrifuging for 30 min. at 8000 rev./ 
min., or by ultracentrifuging again. Some NP is lost along 
with the chromoprotein by either procedure because it also 
undergoes aggregation when sedimented. Twice centrifuged 
material was used in the experiments to be described and it 
was always used within a few days of preparation. Most 
experiments have also been repeated on material sedimented 
three or more times so as partially to exclude effects due to 
traces of sap carried mechanically through two sedimenta- 
tions. 

Tobacco (Nicotiana tabacum) plants grown in a heated 
glasshouse have been used as the source of NP in all the 
experiments quoted here, but preparations with similar 
properties have also been made from tomato (Lycopersicum 
esculentum), French bean (Phaseolus vulgaris) and white 
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dead nettle (Lamium album). The extracts from these other 
species are more difficult to handle and the yields of NP have 
been no better than from tobacco. 

Yield. As will be obvious from the precautions used during 
the preparation, leaf sap is an environment in which NP is 
unstable. This is not altogether surprising for sap is not a 
physiological fluid, but is a mixture that is made during the 
process of mincing, and it is at that time that NP is first 
exposed to it. If sap is allowed to stand at room temperature 
or even at 3° for a few hours the yield falls, and if NP that has 
been isolated by the method described is added to leaf sap the 
amount recoverable falls if ultracentrifugation is delayed. 
This fall is especially marked if sap from leaves more than 
10 cm. long is used, and after 24 hr. at 3° little or nothing can 
be separated by the method described here. Sap from leaves 
less than 8 cm. long gives a good yield even after several days 
at 3°, It is well known that the dry matter, and especially the 
Ca content of tobacco-leaf sap increases with the age of the 
leaf. This may well account for the loss, for, as will be shown, 
Ca ions precipitate the protein. Delay in the preparation or 
inadequate cooling will therefore cause loss. The yield is 
greatly diminished if the sap is frozen. 

No study has been made of the effect of cultural conditions 
on the yield of protein, but there is a systematic fall with in- 
creasing size of leaf. This is illustrated in Table 1 (2) where the 


Table 1. The effect of the size of the leaf on the 
nucleoprotein content of the sap 


Average wet 


Length of leaf weight of leaf Yield of NP 


(cm.) (g-) (g./1.) 
(a) Under 16 1-2 1-1 
16-21 4-0 1-5 
22-26 5-5 1-2 
26-30 7-0 0-45 
Over 30 8-8 0-19 
(b) Under 24 2-4 2-7 
24-30 5-1 1-0 
30-35 7-4 0-8 


yields from batches of leaves of different sizes, all taken from 
the same group of plants, are set out. These leaves were taken 
from plants about 2 months old and not yet sending up a 
flower shoot. Only the largest were perceptibly yellow; if 
yellowing or wilting goes further the yield is still smaller. 
Table 1 (b) sets out the results of a similar experiment with the 
lanceolate leaves of 3-4-month old plants already carrying 
flower buds. The high yield got from these lanceolate leaves 
suggested that the axillary leaves which develop on the stem 
after the first leaves have been harvested would be a good 
source of the protein, and several batches, with leaves up to 
10 cm. long, have given yields of 1-5-2-0 g./l. 

The instability of the protein in sap appears to be partly 
due to the low molecular weight components of the sap. 
Attempts have therefore been made to remove these by 
washing them away after destroying the osmotic control of 
the leaf by freezing or exposure to CHCl, or ether. These 
treatments, however, diminish the yield; freezing the intact 
leaf indeed causes a greater diminution than freezing the 
mince from a control sample of leaves. The yield is also 
diminished if the sap is dialysed before ultracentrifuging. It 
can, however, be increased by the addition of several agents, 
during or just after mincing, or even to the sap. No attempt 
has yet been made to systematize these effects, but with 
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mature leaves (15-30 cm. long) azide, thioglycollate and 
citrate increases the yield, whereas fluoride diminishes it. 
Thus the addition of 0-01 and 0-05mM-citrate and 0-01 and 
0-05m-azide, both at pH 5-8, to samples of the same sap im- 
mediately after expression, raised the yield of protein from 
1-1 to 1-9, 3-5, 3-7 and 4-0 g./l., respectively. Yields are not 
often as large as this, but with large leaves, or with small 
leaves if the sap is allowed to lie for some hours before ultra- 
centrifuging, the proportionate effect is of this order. This 
effect suggests that the lower yield of NP from large leaves is 
due to its greater instability in this sap, and to the greater 
firmness with which it adheres to the fibre rather than to an 
actually lower content in the leaf, but this has not yet been 
proved. 
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other materials, but measurements have been made of the 
distribution of P in the different fractions into which a leaf is 
divided, and the results of one such experiment are set out on 
Table 2. Three things a are clear from this table; (1) most of the 
P, other than PO, initially present in the sap, remains 
attached to the fibre after mincing and washing and more than 
half of this appears as PO; ~~ on incubation; (2) 80 % of the P 
that can be precipitated from the sap by TCA is sodimented 
on ultracentrifugation ; (3) there is more P that can give rise 
to PO,” on incubation in the two types of sediment that 
auparate at 8000 rev./min. than in the final preparation of 
NP. These facts suggest that, although most of the NP in the 
sap is being separated from it, only a small part of the total 
NP of the leaf may be being isolated. Mention has already 





Table 2. Partition of phosphorus from 100 g. of leaf 


(Leaves 12-15 em. long, without midribs, were minced and pressed as described in the text, and the fibre residue washed 
three times with water. The washed fibre, the washings, the undiluted centrifuged sap and the sediment got by centrifuging 
at 8000 rev./min. were analysed for P separately. Samples from the fibre and 8000 rev./min. sediment were incubated at 
38° for 48 hr. with two lots of water in the presence of CHCl, ; PO;—— was determined on the fluid. 

P precipitable by TCA was determined on the sap and on the supernatent fluid from an ultracentrifugation at 40,000 rev./ 
min. and POZ— was determined on the filtrate from the TCA precipitate. The 40,000 rev./min. sediment was worked up in 
the manner denied in the text, and P was determined on the purified NP fraction and the 8000 rev./min. sediments 
separated during the preparation. The POZ— produced by the latter on incubation at 38° in the presence of CHC1, was also 


determined.) 


Amount of P in 


| 
| 
| 


Quantity of 
each fraction 


Washed fibre 5-5 g. dry matter 


310 ml. 
78 ml. 


Pooled washings of fibre 


Sap centrifuged at 8000 rev./min. 


8000 rev./min. sediment from sap 0-96 g. dry matter 


Changes of pH in the mince in the range 5-0-7-5 do not 
significantly affect the recovery of phosphorus in the pre- 
paration, but from sap that has been made slightly alkaline 
there is a larger yield of sedimentable material, with a re- 
duced phosphorus content. 

Distribution of NP in the leaf. The technique of mincing 
used is so crude that it is to be expected that much of this 
protein will remain in the leaf fibre after pressing out the sap, 
some may precipitate along with the chloroplasts and starch 
during the initial centrifugation, some may escape sedimen- 
tation on the ultracentrifuge, and some may fail to resuspend 
after ultracentrifugation. At present isolation is the only 
certain method of recognizing NP, but P estimations car. set 
limits to the amount that may be present. Two properties, 
which will be described more fully in later sections of this 
paper, enable the limits to be defined more closely; P in the 
form of NP is precipitated by trichloroacetic acid (TCA), and 
it is liberated as PO, ~~ -vhen NP is incubated at 37° at 


neutrality. Itisobviousth + NP shares the%e properties with 


Partition of P in the fraction 





fraction (mg.) (mg.) 


15 P appearing as POJ— on 9-9 
incubation 
4:3 
13-6 Inorganic P 6 
P precipitable by 4% TCA 4- 
P precipitable by 4% TCA from 0 
ultracentrifuge supernatant 
P in the final NP preparation }- 
P in the sediments at 8000 rev./ 1 
min. separating during the 


preparation 
P in this sediment appearing as 1:3 
POZ— on incubation 
2-1 P appearing as POZ~ on 0-95 
incubation 


been made of the increased yield caused by the addition of 
azide and some other agents during the preparation; it is 
probable that these agents act not only by protecting NP 
from destruction, but also by mobilizing part of this bound 
NP. Unsuccessful attempts have been made to increase the 
yield by other means. If the grinding is made more thorough, 
e.g. by use of a roller mill (Bawden & Pirie, 1944), more P is 
extracted, and this sediments on ultracentrifugation. But 
fine grinding also increases greatly the amount of chromo- 
protein in the extract, and satisfactory separation of the two 
has not been achieved. Little P that sediments on the ultra- 
centrifuge is extracted from the fibre residue by water, and 
only a little more is extracted by NaCl. Extracts made 
with 2-10 g. NaCI. contain significant amounts of protein 
sedimentable in the ultracentrifuge, but this contains 
only 0-1-0-5% P. Further work on the nature of the 
P associated with the fibre and the more readily sedi- 
mented fractions of the leaf is in progress, and will be 
reported later. 





co 
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Properties 


Composition. The analytical composition of the 
protein depends on the number of times it has been 
ultracentrifuged, for, as will be described later, it 
dissociates to some extent and the fractions differ in 
composition. When made by the standard method 
it contains 13-15% N, 2-0-3:0% P and 10-16% 
carbohydrate, estimated by the colour developed on 
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Behaviour on repeated centrifugation. Even the 
freshly prepared protein is not homogeneous; a 
fraction with diminished P content can be sedi- 
mented from it slowly on an angle centrifuge at 
8000 rev./min. An experiment is set out in Table 4 
which shows that this sedimentation takes place 
more readily in acid solution. 

The fraction of a preparation that sediments in 
this way at any pH is substantially independent of 


Table 3. The protection of nucleoprotein by azide from the deleterious effects of ageing in sap 


(Half of a uniform batch of leaves was minced and pressed as described in the text, half the sap was ultracentrifuged 
immediately, and half after 5 hr. at 25°. The other half of the leaves were treated in the same way except for the addition 
of NaN, during the mincing. The yield and composition of the products from these four types of sap are set out.) 


Er Carbohydrate 
Yield content content 
(g./l.) (%) (%) 
Minced normally: Centrifuged immediately 1-03 2-1 13 
Centrifuged after 5 hr. at 25° 0-24 1-7 12 
Minced with 1 mg. NaN;/g. of leaf: Centrifuged immediately 1-4 2-0 12-3 
Centrifuged after 5 hr. at 25° 1-3 2-0 12-0 


heating with orcinol in H,SO,, and expressed as 
glucose (Pirie, 1936). From the rate of colour 
development with orcin and from the positive Bial 
test this appears to be pentose. No deoxypentose 
has been detected by the methods of Stumpf (1948) 
or Cohen (1944). Preparations made from sap that 
has been dialysed or allowed to age, or from large 
leaves, contain less P and carbohydrate. Agents, 
such as azide which protect the protein from 
destruction on ageing in sap, also protect it, to some 
extent, from loss of phosphorus. This is illustrated in 
Table 3. If a solution that has been centrifuged for 
30 min. at 8000 rev./min. is run into 10 vol. of an 
ethanol-ether mixture containing 0-1N-HCl, less 
than 5 % is soluble and only part of this is afterwards 
soluble in CHCl, . This lipid contains only traces of P 
and carbohydrate. The pellet at 8000 rev./min. may, 
on the other hand, contain as much as 0-7% of 
phospholipid P. 5-8 % of residue is left after com- 
bustion; the metal in this residue is predominantly 
Ca even after the preparation has been ultracentri- 
fuged from 0-05m-KCl or NaCl. No other component 
of NP has, as yet, been recognized. 


Table 4. Sedimentation of nucleoprotein 
at different pH’s 


(A 9g./l. solution was divided into four 3 ml. lots, and 
these, after adjustment of the pH, were centrifuged simul- 
taneously for 30 min. at 8000 rev./min. The fluids were 
poured off and the sediment was dried, weighed and 
analysed.) 


Percentage P content of 
pH in sediment sediment (%) 
5 90 - ee 
6 30 1-3 
6-9 23 1-05 
8-1 19 0-93 


the size of the leaf, or the age of the sap from which it 
was prepared. Material with a slightly enhanced P 
content can be ultracentrifuged from the super- 
natant fluid at 40,000 rev./min. in the usual way. 
This pellet is, however, still inhomogeneous, and can 
be separated as before by centrifuging again at 
8000 rev./min. On each ultracentrifugation some 
material remains unsedimented, and some does not 
resuspend when the sediment is stirred up with water. 
Less of the protein becomes insoluble if it is sedi- 
mented for 30 min. at 26,000 rev./min. (35,000 g), 
and this lower speed is adequate for complete sedi- 
mentation when the suspending fluid is water, 
although not with the original sap. The amount 


Table 5. The solubility of ultracentrifuge pellets 
separated from salt solutions of different strengths 


(Four solutions containing 1-5 g./l. NP and different con- 
centrations of NaCl were ultracentrifuged for 30 min. at 
36,000 rev./min. The pellets were suspended in water and 
centrifuged at 8000 rev./min. for 10min. The insoluble 
material was dried, weighed and analysed.) 


Phosphorus 
content of 
this insoluble 
material 


Percentage of 

material not 

resuspending 
after 


Suspending fluid sedimentation (%) 
Water 35 1-5 
0-5 g./l. NaCl 12 1-15 
2-0 g./l. NaCl 17 0-9 
8-0 g./l. NaCl 59 0-77 


becoming insoluble is also diminished if the protein is 
sedimented from a dilute salt solution instead of 
water. This is illustrated in Table 5. It is only after 
being twice sedimented from leaf sap that the protein 
is freed sufficiently from other material to make this 
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effect noticeable. There is, therefore, no advantage 
in suspending the pellets, from the first run on sap, in 
salt solutions rather than in water. On each ultra- 
centrifugation part of the P of a preparation remains 
in the supernatant along with a smaller proportion of 
other material than in the original preparation. 
Material containing 4-5 % of P can be made in this 
way. Old preparations and preparations that have 
been centrifuged at pH 7-8-5 give more of this un- 
sedimentable material. Its formation on incubation 
will be described later. Clearly centrifugation brings 
about partial dissociation into aggregated material 
with a low, and unsedimented material with a high P 
content. By further centrifuging there therefore 
appears to be no possibility of making a homogeneous 
preparation. 

Two preparations were examined electrophoretic- 
ally. In 0-02m-phosphate at pH 6-5 each contained 
two components moving at 15 and 11 x 10-5 cm.? 
sec.1V.-1, respectively; the faster accounts for 
about 70% of the refraction increment. Both com- 
ponents contain P, the faster rather more than the 
slower, but facilities have not been suitable for the 
separation of a sufficient amount of protein for 
characterization of the two components. The electron 
micrograph shows particles with a greater tendency 
to adhere than the spherical plant viruses have. 
Here also the inhomogeneity shows clearly and, 
although preparations consist mainly of spheres 
20-30 mp. in diameter, there is much amorphous 
material. Drying this protein in bulk leads to com- 
plete loss of solubility even when the drying is 
carried out at low temperature. There is no means of 
telling whether the amorphous material is derived by 
the breakdown of some of the spheres or whether it is 
present in the undried preparations. Evidence has 
already been given that NP becomes more readily 
sedimentable at pH 5, in more acid solution it 
flocculates. Precipitation is complete in the pH 
range 4-3—3-6, but in more acid solution there is 
partial resolution. After acid precipitation, even at 
0°, it does not dissolve again completely at neutrality. 
With (NH,),SO, there is nearly complete precipita- 
tion at one-third of saturation and it is complete at 
half saturation, but these precipitates also do not re- 
dissolve completely in water. The amount of protein 
that remains insoluble can be diminished by working 
rapidly, but even if the cycle of operations is com- 
pleted in 15 min., and at a low temperature the final 
product is so modified that it precipitates again from 
solution in a few days. Ca or Ba ions precipitate the 
protein from neutral solution; to get complete pre- 
cipitation of a 5—1 g./l. solution of NP the concentra- 
tion of divalent ion must be 0-01 M. This is more than 
ten times the amount already present in the soluble 
NP preparation. The precipitate redissolves when 
the excess divalent ion is removed by washing with 
water or, better, with 0-002M-NaCl or NH,Cl. After 
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this treatment it is as stable as before, and there is no 
evidence that the precipitation has brought about 
any fractionation. In the presence of Na salts 
greater concentrations of Ca are needed. 

Attempts have been made to use these precipi- 
tants to concentrate NP from the initial leaf sap, but 
they have not proved satisfactory. Each causes 
serious losses, and they precipitate so many other sap 
constituents that it is not practicable to reduce in 
this way the volume being centrifuged. 

Antigenicity. The protein has a low apparent anti- 
genicity as would be expected from the success that 
has attended the use of unfractionated sap from 
plants, with various virus infections, in making 


specific antiviral antisera. Intravenous injection of 


over 100 mg. of protein, in 10-20 mg. lots, into a 
rabbit produced a serum with a dilution end point of 
1:80. With smaller amounts of antigen the sera were 
even more feeble. The end point for precipitation of 
the antigen by serum under optimal conditions was 
50 mg./l. Clearly the antigenicity, whether measured 
by the ability to produce antibody or by precipitation 
end point is feeble if compared with that of the plant 
virus preparations or the bacterial antigens. There 
are many possible causes for this feebleness. NP may 
be intrinsically a poor antigen, it may contain many 
different antigenic groups each of which is acting 
separately, its instability may lead to its destruction 
in the rabbit before antibody formation can take 
place, or to destruction during the serological test 
before union with antibody can take place. 

Stability. Solutions of NP become more opalescent 
during a few weeks in the ice box and then flocculate. 
This process is accelerated by some antiseptics, e.g. 
CHCI,, toluene, and octyl alcohol. Precipitation is 
not significantly affected by thymol. When floccula- 
tion occurs most of the P has been split off from the 
protein, but this is only the culmination of a con- 
tinuous process. If samples are ultracentrifuged at 
intervals after preparation, the unsedimentable P 
increases steadily until, with flocculation, none of the 
P that is in solution can be sedimented on the ultra- 
centrifuge. Ions, especially citrate and PO,, facili- 
tate flocculation. No fluid has been found in which 
NP can be frozen without becoming largely insoluble 
on thawing. There is at the moment, therefore, no 
method of preservation, and all observations that 
are reported here were made on preparations within 
a few days of harvesting the leaves. 

Changes analogous to those that proceed during 
storage in the ice chest can be studied conveniently 
at 38°. At this temperature flocculation takes 
6-10 hr. in the absence of salts and by the time it has 
taken place the separation of the P-containing 
moiety is substantially complete. In Table 6 an 
experiment is set out showing how both flocculation 
and fission take place more quickly in the presence of 
NaCl. In this experiment samples of the fluid were 
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withdrawn after the interval stated and precipitated 
with TCA so as to get a compact protein precipitate 
on centrifuging ; total P was estimated on both fluid 
and precipitate. Similar results are given by experi- 
ments in which the coagulum is centrifuged off with- 
out adding TCA, but there is then more P-containing 
fluid carried mechanically in the precipitate. The 
agreement, which appears in experiments like those 
in Table 6, between fission and flocculation is, how- 
ever, largely fortuitous; the two processes are inde- 
pendent. Thus CHCl, promotes flocculation without 
having a significant effect on fission, and citrate 
promotes fission but not flocculation. This is illus- 


Table 6. Percentage of phosphorus separated from 
protein after different times of incubation in different 
environments 


(The four tubes contained 1 g./l. NP and NaCl at the 
concentration stated. At intervals 0-5 ml. was withdrawn. 
After the stated periods of incubation at 38°, 0-5 ml. samples 
were withdrawn from each and precipitated with 1-5 ml. of 
55% TCA. P was determined on the fluid and on the pre- 
cipitate, and the figure set down is the percentage of the P 


that was in the fluid.) 
Concentration of NaCl 


Time C 
(min.) 0 0-0lm 002m 0-05m 
0 0 0 0 0 
50 16 38 49 90 
100 23 58 90 91 
200 58 90 100 100 
400 91 100 100 100 
Time at which 400 120 90 45 


flocculation was 
apparently complete 
(min.) 


trated in Table 7, which also shows that the rate of 
citrate-activated fission is not greatly affected by 
pH in the normal working range. In the presence of 
CHCl, , therefore, a P-containing coagulum separates 
and in the presence of citrate the protein can remain 
soluble for a short time although P-free. Other salts, 
e.g. NaF, NaN,, KI, increase the rate of action to 
approximately the same extent as NaCl. These 
effects, at first sight, conflict with the already 
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mentioned stabilizing action of citrate and azide 
on NP in sap, but it is probable that different mech- 
anisms are involved. NP deteriorates more in | hr. 
in sap, than in 1 day in water; it is protected from 
this sap-catalysed deterioration by azide and citrate, 
and these agents can increase the yield because this 
effect is much greater than their stimulation of the 
intrinsic instability of NP. 

This fission is most easily interpreted as an 
enzyme action in which both the enzyme and its 
substrate are present together in the NP particle. 
If a strong, e.g. 10 g./l., solution of NP is run into 
boiling water and kept boiling both during the 
addition and for a minute afterwards, there is no 
coagulation, and on ultracentrifugation in the usual 
way 70-80% of the P is found in the pellet. Only 
about half the pellet will resuspend in water so com- 
pletely that it does not again sediment in 10 min. at 
8000 rev./min. Both parts contain 2-0—2-5% P and 
on incubation for a few hours in the presence of salts 
there is no flocculation and no P is liberated in a form 
that is soluble in TCA. This boiled material does, 
however, flocculate, with separation of the P, if it is 
incubated with as little as one-fifth of its weight of 
unboiled NP.. Attempts have been made to separate 
the enzyme and substrate and so get a stable pre- 
paration of nucleoprotein without boiling, but when 
a series of preparations has been compared under the 
same conditions, the differences in their rates of 
fission have been small. There are often large 
differences in the rates of flocculation, but the condi- 
tions affecting the rate of flocculation have not yet 
been systematized. In these comparisons, prepara- 
tions that have been ultracentrifuged four and five 
times from water or from 0-1M-NaCl, preparations 
that have been precipitated fractionally with Ca, 
and preparations that have been recovered by ultra- 
centrifugation of NP that has already undergone 
partial fission at 3° during 1-2 weeks, have been used. 

By the time all the P-containing moiety has 
separated from the protein some of it has undergone 
further action with the liberation of PO, . This 
action goes to completion slowly, but after 48 hr. at 
pH 6 in 0-02M-citrate at 38°, 80 % of the P is present 


Table 7. Separation of phosphorus from protein after different times of incubation in different environments 


(Seven tubes, each containing 1 g./l. NP, and the NaCl specified at 0-005mM. Two contained CHCl,. After the stated 
periods of incubation at 38°, 0-5 ml. samples were withdrawn from each, and precipitated with 1-5 ml. of 5-5% TCA. 


‘P was determined in the fluid and in the precipitate, and the figure given is the percentage of the P that was in the fluid.) 





Citrate 
a. Pte . ace Tete ee ae 
Time (min.) NaCl NaCl+CHCl, pH 5-5 pH6-0 pH6-0+CHCl, pH66 pH 7-1 
0 0 0 0 0 0 0 0 
10 0 0 18 25 25 27 27 
20 5 5 42 43 42 47 46 
40 25 20- 73 82 80 82 87 
90 50 45 76 83 82 86 90 
Time at which flocculation was apparently complete (min.): 
200 70 40 100 60 150 200 
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in the form of PO, . The formation of PO, 
takes place more slowly in supernatant fluid from 
which the protein precipitate has been removed by 
centrifugation after incubation for 100min. It 
appears, therefore, that, although the phosphatase 
action is mainly a property of the precipitate, some 
soluble phosphatase dissociates from it during the 
first stages of incubation. If no salt is present during 
the incubation, the precipitation of protein isso much 
delayed that it is not possible to get a sharp separation 
between the two actions; by the time the coagulum 
is free from P about one-third of the P is already in 
form of PO, . 

In this section the fission has been described in 
terms of P; substantially the same conclusions are 
come to if carbohydrate is estimated. By the time 
the protein coagulum is free from P its carbohydrate 
content has been reduced to less than 2%, measured 
by the orcin method, and carbohydrate appears in 
the fluid. Even after prolonged incubation, how- 
ever, in the presence of an antiseptic, no reducing 
sugar is formed. 

NP is an association between various constituents 
of the leaf. Changes in the technique of preparation 
are likely, therefore, to affect its properties; this has 
been observed and the results will be described in a 
later paper. The technique of preparation that has 
been used in work described here is extremely simple 
and is designed to remove NP as quickly as possible 
from the presence of substances that are known to 
affect it. No attempt has been made to separate the 
component enzymes from the association because 
an understanding of the changes that are going on 
during the ‘purification’ of a plant virus is the 
primary object of the investigation; it may be that 
information is also being gained about the behaviour 
of the material in vivo. 


Properties of the fragments of NP 

Separation of nucleic acid and its breakdown 
products. Nucleic acid can be prepared from NP by 
several methods, but even with fresh preparations 
the maximum yield has only accounted for 60% of 
the P in the NP taken. Older preparations give 
smaller yields probably because of changes of the 
type described in the preceding section. 


Equal volumes of 10 g./1. NP and n-NaOH are mixed at 0°, 
and left for 30 min. at 0°; the mixture is taken to pH 7-8 by 
the addition of 5N-HCI with cooling. This treatment disrupts 
NP as it does other nucleoproteins and gives a coagulum of 
denatured protein, which contains a tenth or less of the P. 
The protein is centrifuged off and washed and the fluids taken 
to pH 4, when a further small amount of protein separates 
and is removed. This precipitate contains 1-2% of P. 
Nucleic acid separates as a characteristic resinous mass when 
enough HCl is added to bring the pH of the fluid to 1. It is 
washed once with water to remove NaCl, dissolved, and 
centrifuged clear at neutrality. About half the P initially 
present in the preparation appears in this fraction, and most 
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of the remainder can be precipitated from the acid mother 
liquor by the addition of one volume of ethanol. 


This standard method of separating nucleic acid 
from nucleoprotein has the defect that an intensity of 
treatment with alkali sufficient to separate all the 
nucleic acid from the protein is also sufficient to 
degrade some of the nucleic acid. Schneider (1945) 
found that an acid-soluble derivative of nucleic acid 
was liberated when nucleoproteins are heated in 
5% TCA for 15 min. at 90°. With NP a high tem- 
perature is not necessary. It is clear from the method 
used to follow the changes taking place during the 
incubation of NP, that TCA precipitates all the P in 
a fresh preparation. In the course of a few hours at 
38°, or days at room temperature the P is released 
from the precipitate. By gentler treatment with 
TCA, nucleic acid can be separated from the protein 
in an acid-precipitable form. 


Equal volumes of 100 g./l. TCA and 2-5g./l. NP are 
mixed; if the precipitate is centrifuged off immediately, 
washed, and taken to pH 8 with NaOH almost all of it dis- 
solves. The amount of protein that remains insoluble in- 
creases with the duration of exposure to TCA, and, after 
15 hr. at room temperature, most of the protein has been so 
modified that it remains insoluble while only a small portion 
of the nucleic acid has been converted into the acid soluble 
form. The TCA precipitate is therefore centrifuged off after 
15 hr. and washed twice by centrifuging after stirring up with 
one-fifth the original volume of fluid. It is now evenly sus- 
pended in water, taken to pH 8-5 by adding dilute NaOH 
with thorough stirring, left for an hour or more, and then 
centrifuged at 8000 rev./min. The gelatinous solid is re- 
suspended in half the volume of fluid and centrifuged out 
again after soaking for 2-3 hr. These pH 8-5 extracts contain 
60-70 % of the P that was in the NP. More can be extracted 
by further washing at pH 8-5, or better, by resuspending the 
precipitate, reprecipitating it with TCA and repeating the 
extraction. On adjusting the pH to4-5a precipitate separates 
which carries out with it some P, this can also be partially 
recovered by repeating the TCA precipitation. Nucleic acid 
separates from the pH 4-5 fluid when it is acidified more 
strongly. Some P remains in the acid fluid and part of this 
can be precipitated by the addition of ethanol. The yield of 
nucleic acid, after washing and resolution at neutrality 
again, accounts for 60-70 % of the P originally present in the 
NP used. 

Mention has already been made of the stabilization of NP 
by boiling it to inactivate its enzymes; after this treatment 
most of the nucleic acid still sediments with the protein on 
ultracentrifugation. When boiled in the presence of salts the 
protein coagulates and most of the nucleic acid remains 
soluble. Thus 5 ml. of a 5 g./I. solution of NP was run into 
2 ml. of a boiling solution that was 0-2 with respect both to 
NaCl and sodium citrate, at such a rate that boiling was 
maintained during the addition. The solution was centrifuged 
when cold and the fluid adjusted to pH 4-5 with acetic acid. 
It was again centrifuged and the fluid acidified with HCl to 
precipitate the nucleic acid. This technique of separation has 
proved less satisfactory than the other two. The separation of 
nucleic acid by addition of glacial acetic acid, which works 
well with tobacco mosaic virus (Bawden & Pirie, 1937) and 
some other nucleoproteins, fails completely with NP. 
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These three methods give nucleic acid prepara- 
tions with similar properties. After being reprecipi- 
tated with acid and dissolved by the addition of KOH 
the analytical composition is P, 6-9-7-5%; N, 
12-13% and carbohydrate, 30-35 %, estimated by 
the orcin method using glucose as a standard, 
although the sugar has been identified as ribose by 
paper chromatography. The material has the 
physical texture of yeast nucleic acid and shows the 
same ultraviolet absorption maximum at 260 mu. 
On acid hydrolysis this nucleic acid, like those from 
yeast and tobacco mosaic virus, releases free PO, ~ 
in two stages; half is set free in 30 min. at 100° in 
n-HCl, i.e. under the conditions that release PO; 
from the ‘high-energy phosphates’, the other half is 
only released after many hours’ hydrolysis. 

Nucleic acid can be made in these ways only from 
fresh preparations of NP, and it is important that the 
technique of separation used should not encourage 
internal enzymic changes. With old preparations the 
results are variable and depend on the extent to 
which these changes have gone on. By the time a 
preparation is beginning to coagulate little or no 
nucleic acid can be made from it. After fission by 
any of the methods described and removal of the 
protein at pH 6 and 4-5, the fluid gives no precipitate 
with more acid, but nucleotides can be separated 
from it as Ba salts by precipitation with ethanol. 
After incubation either in water or in salt solution, 
nucleotides can be separated if the fluid is fraction- 
ated soon after the protein has coagulated, but, as 
the experiments already described on the liberation 
of PO,” would suggest, nucleosides are present if 
the incubation has been continued for 1—2 days. 

The properties of the protein moiety of nucleoprotein. 
Incubation of NP in dilute salt solution at neutral pH 
leads to the separation of 55-60 % of the preparation 
as a precipitate. Under conditions which favour pre- 
cipitation, e.g. in the presence of CHCl, or at pH 5-5 
or lower, the precipitate still contains P, but if in- 
cubation is continued after flocculation this is lost, 
and, after washing with water, the precipitate may 
contain less than 0-1 % P and 1% carbohydrate. It 
contains 14-5-15-5% N, dissolves readily on in- 
cubation with trypsin (Armour Laboratories Ltd.) 
and gives the biuret, Millon and Sakaguchi reactions. 
It dissolves to give a viscous solution at pH’s outside 
the range 3-9. 


Attempted separation of nucleic acid from sap 


The readiness with which nucleic acid can be 
prepared from NP after the denaturation of the 
protein by precipitation with TCA suggests that by 
the direct precipitation of fresh sap with TCA it 
might be possible to prepare the nucleic acid in bulk 
without the trouble of preliminary ultracentrifuging. 


The 4% TCA precipitate, from sap that has been centri- 
fuged at 8000 rev./min., is left for 24 hr. at room temper- 
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ature, centrifuged off at 3000 rev./min. washed three to four 
times by suspending in 2% TCA and centrifuging and finally 
washed with water. If it is then suspended in water at 
pH 8-5 and the extract adjusted to pH 4-5, as already de- 
scribed, much of the P in the extract precipitates along with 
the protein. It is better, therefore, to centrifuge after some 
hours’ soaking at pH 8-5-9, adjust the extract to pH 6 and 
centrifuge off what protein precipitates at that pH before 
removing the last traces of protein at pH 4-5. The proportion 
of the initial P in the TCA precipitate that comes out on these 
three precipitates varies, but representative figures for the 
pH 9, 6 and 4:5 precipitates are 15, 8 and 10%, respectively. 
The supernatant fluid at pH 4-5 contains the remainder of 
the P in organic combination, but it gives no precipitate of 
nucleic acid when acidified strongly. This method, therefore, 
although satisfactory with purified NP, fails to separate 
nucleic acid from whole sap. It is probable that the large 
amounts of sap protein, other than NP, preferentially 
adsorb undegraded nucleic acid when they are denatured. 
The P compounds still present in the fluids after protein has 
been removed are, therefore, predominantly nucleic acid 
breakdown products partly derived by enzyme action in the 
sap or during the preparation and partly as a result of 24 hr. 
exposure of nucleic acid to 4% TCA. A reliable technique 
for separating the small amount of nucleic acid from these 
protein precipitates, and so from sap in bulk, has not yet 
been devised. The fractionation and characterization of these 
mixtures, and of the nucleotide mixture that is made from 
old preparations of NP has depended on the separation of any 
PO, present with Ba at pH 9 followed by the ethanolic 
precipitation of nucleotides as Ba salts and, after removal of 
the ethanol, of nucleosides with HgSO,. A fuller account of 
this aspect of the problem will be published later. 


The phosphatase and nuclease of sap and NP 


Mention has already been made of the fact that the 
protein precipitate carries with it much of the phos- 
phatase activity towards the nucleotide that separ- 
ates from NP on incubation. It also acts on f- 
glycerophosphate, pyrophosphate, metaphosphate, 
adenosinetriphosphate, yeast nucleic acid and the 
nucleic acid from tobacco mosaic virus, giving PO, ~ 
as one product of the action in each case. Prepara- 
tions of NP and the protein derived from it do not all 
have the same enzyme activity. This, taken in con- 
junction with the fact that these enzyme activities 
are aiso shown by tobacco leaf sap, suggests that the 
NP may be adsorbing enzymes from the sap. Once 
the protein has been isolated dissociation of enzymes 
from it does not take place readily. Thus enzyme 
activity is only slightly diminished in NP that has 
been precipitated by Ca or that has been ultra- 
centrifuged several times from NaCl solutions of 
different concentrations within the stability range. 
Ultracentrifugation from strong salt solutions, e.g. 
2m-NaCl, yields pellets with diminished activity, but, 
as has already been stated, these pellets will no longer 
disperse again in water. Dialysis greatly reduces the 
yield of NP, but, in agreement with this partial dis- 
sociation in strong salt, it enhances the phosphatase 
activity of the material that can be prepared. 
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A convenient and stable solution of leaf phos- 
phatase and nuclease can be made by dialysing and 
centrifuging the supernatant fluid that is a by- 
product when sap is ultracentrifuged to prepare NP. 
The P content of this preparation is so low, about 
0-1 % of the dry matter, that no allowance need be 
made for it when enzyme actions are followed by P 
estimation. In experiments using NP as an enzyme, 
allowance is made for the rate, known from control 
experiments, at which NP itself gives rise to TCA- 
soluble P or to PO,” . When tested against the 
different substrates at a concentration giving 0-1 g. 
of P/l. in 0-02M-citrate pH 6 at 38° in the presence of 
thymol, the rates of initial phosphatase action on 
yeast nucleic acid, glycerophosphate, metaphos- 
phate and adenosinetriphosphate were in the 
approximate ratios 1:3:5:10. There is no un- 
equivocal difference in the relative rates of hydrolysis 
of these substrates, whether sap, NP, or the protein 
from NP is used as phosphatase. The experiments 
performed so far do not, therefore, show whether all 
these actions are due to the same enzyme. 

Batches of sap differ in their activity, but an 
average preparation at 0-1 g./l. will bring about 30 % 
hydrolysis of glycerophosphate in 1 hr. To achieve 
this rate of hydrolysis, NP must be used at 1-2 g./I., 
and the protein that flocculates from it on incubation 
at 2-3 g./l. These activity differences do not neces- 
sarily reflect differences in the amount of enzyme 
present, but may be due to the gross differences 
in dispersion. The enzyme in a sap preparation does 
not sediment on the ultracentrifuge, whereas the 
particles in the protein floccules are visible, and 
access of substrate to enzyme in the interior must be 
impeded. 

The fact that NP contains nucleic acid and that 
this is all converted quickly on incubation into 
material soluble in TCA suggests, not only that NP 
carries nuclease, but that the nuclease resembles that 
of intestinal mucosa rather than of pancreas in that it 
carries the hydrolysis so far that all the nucleic acid 
becomes unprecipitable by TCA and no ‘resistant 
core’ is left. This is confirmed by experiments with 
commercial yeast nucleic acid. Using the same con- 
ditions of incubation as in the phosphatase experi- 
ments, but measuring the total P soluble in the 
uranyl and TCA reagent of MacFadyen (1934), the 
sap enzyme preparation hydrolyses 30% of the 
nucleic acid in Lhr. at 0-1 g./l. and leaves only 
10-20 % of the nucleic acid precipitable after 7 hr. 
This rate of hydrolysis is also given by NP or the 
protein derived from it at 1-3 g./l. It is noteworthy 
that nucleic acid stabilizes NP so that the floccula- 
tion that usually accompanies incubation does not 
take place until after the nucleic acid has dis- 
appeared. Similarly, nucleic acid makes the protein 
particles derived from NP more easily dispersible in 
water, and pancreatic ribonuclease promotes the 


flocculation of NP even if it has been stabilized by 
boiling. One of the factors involved in the main- 
tenance of NP in its dispersed state is therefore the 
nucleic acid; this is a phenomenon that has been 
recognized with other proteins. 


DISCUSSION 


The main object of this work was the examination of 
the properties of the proteins in leaf extracts, that 
are sedimentable on the ultracentrifuge, in sufficient 
detail to enable them to be recognized in and removed 
from virus preparations. The results that have been 
described suggest that the presence of a phos- 


phatase in a virus preparation is strong prima facie — 


evidence for contamination. Any virus which is 
sufficiently stable to be recoverable from sap that 
has been allowed to age at room temperature for a 
day or which can be isolated by repeated precipita- 
tion with strong salt solutions or purified and stored 
at pH 4-4-5 is unlikely to be contaminated with 
intact nucleoprotein (NP). This probably explains 
the readiness with which tomato bushy stunt virus 
can be purified when all operations are carried out in 
the 4-4-5 pH range (Bawden & Pirie, 1943). Besides 
the interest that NP has for the virus worker, two 
points of general interest call for discussion. Is there 
any justification for looking on this complex of 
nucleoproteins and enzymes as a primary leaf com- 
ponent rather than an artifact? To what extent does 
the presence of such a component in the leaf account 
for some earlier observations on nucleic acids and 
their derivatives in leaves? 

The search for enzyme activities in NP has so far 
been superficial and, to judge from the range of 
enzymes that has been found in microsomes and 
organelles in other tissues (cf. Claude, 1949; Brad- 
field, 1950), many may be present. All those that 
have been recognized in NP are also present in the 
leaf sap from which NP has been separated. In this 
respect NP is peculiar, for most of the enzyme 
activity is associated with the fraction that is not 
sedimentable on the ultracentrifuge, whereas many 
of the enzymes in mammalian microsomes or mito- 
chondria are present predominantly in the centrifuge 
pellet rather than the supernatant. Repeated centri- 
fuging under different ionic conditions does not 
remove the enzyme activity from NP; the union 
between enzyme and nucleoprotein, if it takes place 
during the mincing and pressing of the leaf, is there- 
fore relatively stable. Such stable, artificial, unions 
are already known, thus Hoagland, Ward, Smadel & 
Rivers (1942) found that vaccinia virus preparations 
would adsorb phosphatase, catalase and lipase, and 
retain them during subsequent stages of purification. 
On the other hand, those plant virus preparations 
that have had their enzyme activities investigated, 
although they also are made up predominantly of 
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pentose nucleoprotein, and associate themselves 
with various components of the sap (cf. Pirie, 1947), 
form loose complexes that dissociate readily on 
ultracentrifugation or precipitation. Artificial com- 
plexes, e.g. that between trypsin and tobacco mosaic 
virus (Kleezkowski, 1944), are also dissociable with- 
out destruction of the virus. It may well be that this 
difference between NP and plant viruses, other than 
potato virus X, is correlated with the fact that the 
latter are not attacked by those enzymes that have 
been recognized in sap, whereas the more stable 
union with the former is an enzyme:substrate com- 
plex that has been isolated before the action goes to 
completion. In making such a contrast the un- 
representative nature of the group of plant viruses 
that has been studied in detail must be emphasized. 
As has already been pointed out (Pirie, 1946), these 
viruses have been selected for study because of their 
stability both in the sap expressed from leaves and in 
more precisely defined fluids. Most of the known 
viruses have not been studied, and some of them may 
well resemble NP closely. Nevertheless, it is clear 
that if NP and the sap enzymes have access to one 
another in the intact cell, the NP particle will 
survive there for a relatively short time; whereas the 
viruses that have been studied retain their gross 
structural integrity in this environment for longer. 
There is as yet no hint of what qualities differentiate 
a virus from the proteins incapable of infecting a 
host, but among the desiderata, solubility and 
stability in the environment provided by the host 
cell are prominent. The argument has already been 
advanced (Pirie, 1946) that it is the first quality that 
distinguishes the viruses from chromosome-linked 
genes; it may be the second that distinguishes them 
from the microsomes. 

Much work has been published on the nucleic 
acids and ‘nucleoproteins’ of uninfected plant buds 
and sprouts, but the leaf has received less attention. 
Bawden & Pirie (1937) prepared, by precipitation 
with ammonium sulphate, an unstable ‘nucleo- 
protein’ from tobacco sap that had been heated to 
70°. The results varied from sample to sample, and it 
is probable that this was due to variation in the sizes 
of the leaves used, in the time for which the protein 
was exposed to expressed sap or ammonium sul- 
phate, in the rate of heating and temperature at 
which fractionation was carried out. All these 
factors affect the yield and extent of destruction of 
NP, and the evidence that has accumulated since 
suggests that the protein was derived by the break- 
down of NP. Bawden & Pirie (1938) made a series of 
protein fractions from unheated tobacco sap by pre- 
cipitation with ammonium sulphate and found that 
part of each fraction was sedimented in 2 hr. at 
12,000 g, but that the sediment contained less than 
0-02 % P. In the work described in the present paper 
similar material was found in extracts made from the 


TOBACCO LEAF NUCLEOPROTEIN 


623 


fibre residue with salt solutions or at pH 8. It does 
not occur to any significant extent in fresh sap that 
has been kept cold. The unsedimentable proteins of 
sap aggregate when precipitated with ammonium 
sulphate so that after resolution they are sediment- 
able; they also undergo changes leading to precipita- 
tion when aged in sap. The fractions made in 1938 
were probably derived from the native proteins by 
these changes. 

Wildman, Campbell & Bonner (1949), and Wild- 
man, Cheo & Bonner (1949) have studied the 
properties of tobacco-leaf extracts made by grinding 
the leaves in a cold colloid mill, filtering and freezing. 
That part of the protein, which remains in solution on 
thawing, was separated from leaf components of 
small molecular weight by evaporation and dialysis. 
In some experiments the extract was dried while 
frozen. A single electrophoretic component ac- 
counted for 75% of the protein in the preparation 
and this, because of its purine, carbohydrate and 
phosphorus content was refered to as a nucleo- 
protein. NP is destroyed by several of these treat- 
ments and its fragments will appear partly in the 
fraction rendered insoluble by freezing and partly in 
the final preparation. It seems likely that the pro- 
tein-linked phosphorus has its origin largely in the 
breakdown of NP. As has been emphasized else- 
where in this paper, there is no certainty that NP is 
not itself an artifact made during the course of the 
preparation, but the knowledge that has been gained 
of its properties has led to a method of preparation 
that avoids the more obviously damaging procedures. 
It is therefore more probable that the primary state 
of much of the nucleoprotein of the leaf, and most of 
the nucleoprotein of the leaf sap, is similar to NP 
than that it is similar to the products handled by 
Bawden & Pirie (1938) or by Wildman ez al. (1949). 

The methods that have been generally used for 
‘clarifying’ the sap of virus-infected plants as a 
preliminary to the serological or chemical study of 
viruses include heating, precipitation with ethanol, 
ageing, freezing and exposure to phosphate. All 
these procedures are designed to remove chloroplasts 
and chloroplast fragments, but, to varying extents, 
they coagulate NP also. Preparations of those plant 
viruses stable enough to withstand these treatments 
should not, therefore, be greatly contaminated with 
NP and this is especially so with viruses that make up 
a considerable proportion of the total protein of the 
infected leaf. Furthermore, as has been pointed out, 
the amount of NP in leaf extracts diminishes as the 
leaves mature, either through age or virus infection. 

The position is different with unstable viruses, 
with viruses that are present in only small amounts in 
the infected sap, and in work designed to shed light 
on the initial state of viruses in the leaf. Three 
examples may be given. From tobacco plants in- 
fected with tobacco ringspot virus Stanley (1939) 
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isolated 5-50 mg./kg. of a sedimentable nucleo- 
protein that carried infectivity. Its properties were 
in many ways similar to those of NP; thus it con- 
tained 3-2—4-1% phosphorus in the form of pentose 
nucleic acid and preparations slowly precipitated on 
standing. This substance was made by differential 
ultracentrifugation of sap that was carefully kept 
cool and, although much of the NP would have been 
coagulated by the freezing and phosphate treatment 
to which the leaves were subjected, amounts of NP 
and its derivatives of the same order as the small 
yield of virus preparation would remain soluble and 
sedimentable. No evidence was given that the same 
preparative procedure, carried through on unin- 
fected plants, yielded no product and, in the absence 
of this control, it is reasonable to assume that a con- 
siderable part of the final product was derived from 
NP. The methods used by Bawden & Pirie (1945) to 
separate fractions of tobacco mosaic virus with 
particles of different size and infectivity cannot be 
relied on to remove all the NP. These fractions were 
made from leaves that had been frozen while intact, 
and this would remove much of the NP; furthermore, 
the yields were sufficiently large (0-15-3-7 g./l. of 
sap) to make the contamination quantitatively less 
important than in the previous case. Some virus 
preparations did, however, contain twice the usual 
amount of phosphorus, and this excess phosphorus 
could be removed by treatments such as ageing and 
incubation with trypsin that destroy NP. Finally, 
Bawden & Pirie (1950) have used the sedimentable 
protein from uninfected tobacco plants to separate 
infective and uninfective components of preparations 
of a tobacco necrosis virus. The infective com- 
ponent is preferentially precipitated at pH 4 along 
with the normal protein, and this confuses the inter- 
pretation of results on different virus preparations 
when these are contaminated with normal protein to 
different extents. All infective preparations were to 
some extent contaminated. 

The possibility that NP, or substances like it, are 
virus precursors has an immediate, but meretricious, 
appeal. Two facts could be used in favour of the idea ; 
NP, like the plant virus preparations that have been 
intensively studied, contains pentose nucleic acid; 
during infection the NP content of the leaf dim- 
inishes as the virus content increases. The latter fact 
must be seen in the context of what little is known of 
the effect of the physiological state of the plant on 
the NP content of sap. As the leaf ages NP dis- 
appears from the sap, until by the time it is beginning 
to yellow none can be isolated. This happens without 
infection, but one of the effects of infection is to 
hasten these degenerative changes. In the absence 
of any other evidence, therefore, it would seem 
reasonable to regard the disappearance of NP as a 
consequence of the senescence of the leaf, and failure 
of the mechanisms concerned with NP production, 
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rather than as a consequence of the direct conversion 
of NP to virus. When NP disappears it is probable 
that much of it is converted into amino-acids and 
other metabolically available nitrogen compounds. 
Any protein synthesis which is going on at the same 
time will make use of this nitrogen and part of the 
nitrogen of the NP will therefore reappear as virus in 
an infected plant. But this does not make NP a virus 
precursor in any useful sense of the term. The term 
must be reserved for substances that are converted 
into virus by one or two simple changes and without 
radical reshuffling. Unequivocal evidence that this 
happens can probably only be got if the change can be 
brought about in vitro. If the term is not so reserved 
it must logically be extended still further so that our 
domestic plants and animals become human pre- 
cursors, and the salmon’s muscles become the pre- 
cursors of its gonads. By overlooking the necessity 
for this distinction Wildman, Cheo & Bonner (1949) 
have argued that cytoplasmic protein, the phos- 
phorus of which may well be derived by the break- 
down of NP, is a precursor of tobacco mosaic virus. 
They recognize the necessity of supplementing the 
simple observation that as one material disappears 
another appears, by amino-acid analyses; but only 
very close similarities would be even relevant. 
Using the analogy of human feeding, the so-called 
‘first-class proteins’, especially when mixed, agree 
closely in amino-acid composition with mixed pro- 
teins of tissues. The demonstration of long identical 
sequences of amino-acids would be necessary before 
the role of one protein as the immediate precursor of 
another could be considered seriously in the absence 
of in vitro evidence for the conversion. 

Many tissues contain structures comparable to 
NP;; these have been held to play a part in protein 
synthesis, and there is also histological evidence (cf. 
Newcomer, 1940) suggesting that mitochondria in 
plants have a synthetic role. Mitochondria are 
larger than the particles of NP in the state in which 
they appear in the final preparation, but one reason- 
able possibility is that NP has its origin in the break- 
up of these notoriously fragile particles. If, there- 
fore, an attempt is being made to relate NP directly 
with virus multiplication it would seem more 
reasonable to study the possibility of it being part of 
the machinery making viruses and other proteins 
rather than the raw material from which virus is 
made. 

This preliminary study of the unstable, submicro- 
scopic, sedimentable nucleoprotein of the tobacco 
leaf attempts to co-ordinate observations made 
during work on plant viruses. Though it has had the 
immediate object of increasing our understanding 
of the changes that go on during the isolation of a 
virus several points of intrinsic interest have 
emerged. The association of enzymes with the 
nucleoprotein explains its instability in sap and 
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when isolated, and the concentration of this enzyme 
system, along with the virus during the first stages of 
a centrifugal virus isolation, may explain some of the 
changes taking place in virus preparations during 
isolation. This association does not yet shed any light 
on the in vivo activities of NP, but it is clear that 
there are structures in leaf extracts with many points 
of resemblance to the microsomes that can be 
separated by similar methods from animal tissues. 
Although they may well be fragments broken from a 
larger structure during the process of extraction, 
their existence should be borne in mind in assessing 
the cogency of any conclusions about the dynamics 
of the leaf based on the study of extracts. Few 
experiments have been made with plants other than 
tobacco and, for convenience, cultural conditions 
have been kept as uniform as possible. The results do 
not, therefore, necessarily apply to other species or 
conditions of growth, and it may well be that tobacco 
grown under the conditions used is far from being the 
best source of NP. The responsiveness of the chemical 
composition of the leaf to changes in cultural condi- 
tions is a continual source of trouble when a uniform 
starting material is required; this responsiveness 
does, however, give the leaf the biochemical ad- 
vantage that systems can be studied under a much 
wider range of conditions than is possible with 
animal tissues, and this advantage has not yet been 
adequately exploited. 


TOBACCO LEAF NUCLEOPROTEIN 


625 


SUMMARY 


1. A nucleoprotein has been prepared from the 
sap of young uninfected tobacco leaves by ultra- 
centrifugation. The yield varies from 3 g./l. with the 
sap of immature leaves to 0-1 g./l. or less with large 
mature leaves, or with sap that has been allowed to 
age before processing. 

2. The nucleoprotein is unstable in vitro and auto- 
lyses in a few hours at 38° yielding denatured protein 
and either nucleotides or nucleosides depending on 
the duration of hydrolysis. 

3. The denatured protein still retains some of the 
enzymes that occur in leaf sap, and different pre- 
parations have been compared using metaphosphate, 
glycerophosphate, adenosinetriphosphate and yeast 
nucleic acid as substrates. 

4. Reasons are given for thinking that, although 
it bears some resemblance to them, the nucleoprotein 
cannot usefully be regarded as a precursor of the 
plant viruses. 
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In previous work (Lea & Hannan, 1949, 1950a, b) it 
has been shown that a pronounced interaction takes 
place between casein and glucose when a freeze- 
dried mixture is held at moderate temperatures and 
humidities, the predominant reaction in the early 
stages being a combination of free amino groups of 
the protein each with the reducing group of a sugar 
molecule. By this means as much as 7 % or more by 
weight of glucose can be attached to casein by a 
stable chemical link without the production of any 
obvious changes in the physical properties of the 
protein. Subsequently, marked discoloration, loss 
of solubility and other symptoms of deterioration 
develop, further quantities of sugar and other 
reactive amino-acid residues becoming involved at 
this stage. 

The present investigation was undertaken because 
the plasma used for the preparation of dried plasma 
for human transfusions in this country is prepared 
from blood which has been taken into a preserving 
solution containing a large amount of glucose. If the 
same reaction occurs between dry plasma proteins 
and glucose, as has been observed between casein and 
glucose, the plasma proteins might be markedly 
altered and converted to virtually new proteins 
before any outward sign of deterioration became 
apparent. Clearly, such an alteration might be 
highly undesirable in a material injected in large 
quantities into humans. 

The experiments outlined below indicate the 
extent to which changes of the type described can 
occur in dried blood plasma during preparation and 
storage. The possibility of similar changes must 
always be borne in mind whenever biological 
material containing reducing sugars is dried (Lea & 
Hannan, 1950c). 


EXPERIMENTAL 


The techniques used were mainly as previously described 
except that to provide a closer approach to practical condi- 
tions the main experiment was carried out at constant water 
content instead of at constant relative humidity. A few 


samples, however, were stored at constant relative humidity 
for purpose of comparison. 

Human blood (420 ml.) from each of two donors was 
collected in the normal manner into 120 ml. of anticoagulant 
mixture consisting of 100 ml. of 2% disodium citrate and 
20 ml. of 15% (w/v) glucose, the red cells were removed by 
centrifugation, the samples mixed, ampouled in 5nl. 
portions and freeze dried by the centrifugal technique 
(Greaves, 1946); the condenser temperature was — 45°, the 
drying temperature -25°, and the dried material was 
eventually allowed to rise to + 25°. A further set of samples 
was prepared in a similar way, except that the blood was 
collected into disodium citrate without the addition of glucose. 

The dried materials were further dried to a very low and 
uniform moisture content by standing in vacuo over P,O; for 
3 weeks at a temperature of 12-5°, and various batches were 
then allowed to absorb moisture from the atmosphere to a 
number of preselected water contents. The small amount of 
water remaining after the P,O; drying was determined by 
taking samples to constant weight in vacuo at 37° over 
Mg(Cl0,)., this being taken as the definition of zero moisture 
content since higher temperatures involve the danger of 
loss of weight owing to the onset of the protein-sugar re- 
action. In this way samples were prepared with water 
contents of 0-3, 1-1, 1-9, 3-7, 5-2, 8-2 and 22-6% with added 
glucose, and 0-3, 1-1, 2-0, 3-7, 5-4, 7-9 and 22-1% without 
added glucose, all percentages being quoted as g. water/100 g. 
dry non-glucose solids for ease of comparison between the 
two batches. A further group of samples with zero moisture 
content (by definition) was prepared by drying in vacuo at 
37° for 3 weeks over Mg(Cl0,).. When all the samples had 
attained the desired moisture contents the ampoules were 
filled with N,, sealed and stored at 37 or 20°. The dry samples 
were sealed in vessels containing Mg(ClO,).. 

The water relations of both preparations were determined 
by allowing samples of 600 mg. of the material with 0:3% 
moisture to equilibrate at 37° to constant weight at various 
relative humidities. Samples of human blood serum dried 
with and without the addition of disodium citrate (1 g./ 
150 ml.) were examined similarly. 

The figures quoted for free amino-N values are based on the 
Van Slyke figures (30 min. reaction time) on the reconstituted 
plasma, corrected for the small figure attributable to the 
urea present. The urea content was about 20 mg./100 ml. } 
plasma in both sets of samples, and did not change on storage 
as determined by manometric determination of the C0; 
produced after the action of urease. The free amino-N valueof 
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plasma is due mainly to protein groups, since about 85 % of 
the total could be removed by precipitation with trichloro- 
acetic acid. 

The glucose contents of the original undried plasma were 
determined manometrically using the specific oxidase 
notatin. 


RESULTS 
Samples containing added glucose. 


This plasma before drying had an initial content of 
76-9 mg. amino-N/g. total N, and contained 696 mg. 
glucose/100 ml., corresponding to 0-78 of an equi- 
valent of the amino-N. The pH of the reconstituted 
dried material was 7-9. Fig. 1 shows the effects 
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Fig. 1. The loss of free amino-N in dried human blood plasma 
containing added citrate and glucose on storage at 37° in 
presence of the indicated amounts of water (as g./100 g. 
dry non-glucose solids). 


observed on storage at 37°, all amino-N figures being 
expressed as percentage of the initial figure. The 
theoretical loss corresponding to a one to one re- 
action of amino groups with all the available glucose 
is also indicated. From these results it can be seen 
that (a) the free amino-N content of the plasma 
decreases during storage, the rate being most rapid 
at first and falling off markedly with time. The initial 
rate and the extent of the reaction before the rate 
falls off are both increased by increase of water 
content. (b) The rate in the complete absence of 
water is negligible, a fact which had not been demon- 
strated clearly with the casein-glucose system. The 
present technique, however, is an improvement on 
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that previously employed in that the preliminary 
drying was carried out at slightly higher temper- 
ature, storage was commenced at 37° in vacuo to 
remove the last traces of water as rapidly as possible, 
and the samples were subsequently sealed in indi- 
vidual vessels over a desiccant. (c) The reaction can 
proceed to an appreciable extent even during drying. 
It should be noted that this change was observed 
following freeze drying which was completed in 
24hr., the final temperature being 25°. Much 
greater change might have been expected if a final 
drying temperature of 80° had been used as advo- 
cated by some American workers for material with- 
out added glucose (Strumia & McGraw, 1943). 
(d) Physical evidence of deterioration is only 
apparent after considerable chemical reaction has 
taken place. The samples containing 8-2% of 
moisture lost about half of their total amino-N 
before the material was obviously brown and failed 
to dissolve rapidly. At lower moisture contents no 
marked browning was evident in 40 days at 37° 
although considerable interaction between protein 
and sugar had taken place. 

Temperature coefficient. Assuming the temperature 
coefficient to be as high as for the reaction between 
casein and glucose (i.e. Q7}°” = 5-1) the rates at 20° 
should be about one-eighteenth of those at 37°. 
A few samples were stored at 20° to test this relation- 
ship and Table 1 shows that, in spite of a fairly wide 
scatter, the observed temperature coefficients were 
of the expected order. Insufficient material was 
available for detailed checking of these figures and it 
is not possible to say whether the apparently high 
value for the 8-2 % moisture sample is significant. It 
should be pointed out, however, that storage at 
constant moisture content would give a somewhat 
higher temperature coefficient than storage at 
constant relative humidity (as in the casein experi- 
ments), since the relative humidity for a given water 
content increases with temperature, although the 
effect is small at very low water contents (Lea & 
Hannan, 1949). 

Influence of water on the reaction. Table 2 presents 
data for a wide range of moisture contents, the first 
four lines being taken from Fig. 1 and the remainder 
of the table from a subsidiary experiment carried out 
at constant relative humidities (R.H.’s) of 73, 80 and 


Table 1. Effect of temperature on the rate of loss of amino groups in dried human blood plasma 
containing added glucose and citrate 


(Q28-30° — rate of reaction at 30°/rate of reaction at 20°.) 


Storage at 20° 


Days for 
Water content Amino-N as same change 
(%) Days % of initial at 37° Qi? 
wai 0 93-8 sais on 
1-9 163 89-4 12 4:8 
3-7 163 88-2 9 56 
8-2 54 82-2 1-5 8-5 
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85 %. The results are basically similar to those ob- 
tained with the casein-glucose system in that the 
reaction rate is low at low humidities, reaches a 
maximum at intermediate values and falls off again 
as the humidity is further increased. 


Table 2. Relation between equilibrium relative 
humidity, water content and rate of amino-glucose 
reaction at 37° in dried human blood plasma con- 
taining added citrate and glucose 

mg. Amino-N/g. 

total N* 


Water content 
(g./100 g. dry 
humidity non-glucose — 
(%) solids) 4 days 8 days 

0 72-0 71-9 

30 i 63-6 59-4 

42 2 53-9 45-2 

63 22: 47-0 40-0 

73 55-9 47-6 

80 52 58-8 52-0 

85 — 59-1 

* Original value, 72-1 mg. amino-N/g. total N. 
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The maximum rate occurs at about 55% R.H. 
which, from Fig. 2, can also be seen to be near the 
point at which the water relations isotherm begins to 
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Fig. 2. The water relations at 37° of dried citrated plasma, 
alone, @, and with glucose, © ; and of dried serum alone, 
@. and with citrate, @. 


swing rapidly upwards. A similar coincidence was 
observed with the casein-glucose reaction where, 
however, it occurred at the higher figure of 65-70 % 
R.H. (Lea & Hannan, 1949), and it was suggested 
that water added after this stage is not bound to the 
protein and slows down the reaction by removing 
sugar from the surface. A similar mechanism could 
be pictured for the plasma, but the isotherm differs 
considerably from those of simple protein systems 
(see below), and a closer examination of the possible 
significance is not justifiable at present. 

Dried human plasma apparently holds about twice 
as much water at the higher humidities as do iso- 
lated blood proteins or casein (cf. approx. 16% 
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water at 70% R.H., quoted by Bull (1944) for various 
horse-blood albumins and globulins). The reason is 
obscure: it is not due to the glucose or the citrate 
added, since approximately the same isotherms were 
obtained with dried preparations of plasma-citrate- 
glucose, plasma-citrate, serum-citrate and serum 
alone (Fig. 2). 


Samples containing no added glucose 


These samples had initial values of 70-9 mg, 
amino-N/g. of total N, and 49 mg. glucose/100 ml. 
plasma corresponding to 0-06 of an equivalent of the 
amino-N. Fig. 3 shows that the effects observed 
were much less marked than with the high glucose 
samples, but the reaction is obviously the same, and 
the decrease in rate compared with the previous 
samples was approximately proportional to the 
decrease in sugar content. 
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Fig. 3. The loss of free amino-N in dried human blood plasma 
containing added citrate only on storage at 37° in the 
presence of the indicated amounts of water (as g./100 g. 
dry non-glucose solids). 


It is interesting to note that, although in these 
samples dried without extra glucose the reaction 
during drying was negligible and the total extent of 
the loss of amino-N even under favourable conditions 
was small, partial insolubility and brown colour 
eventually developed after 40 days at 37° and 
7-9% moisture content. The brown colour was 
relatively less intense than in the corresponding 
samples containing added glucose, but the in- 
solubility, although small, would be sufficient to 
render the material unsuitable for transfusion 


purposes. 
DISCUSSION 


These experiments exhibit, at all points investigated, 
a striking similarity to those already recorded in the 
more extensive experiments with casein-glucose 
mixtures, and there can be little doubt that basically 
the same reaction is taking place in both cases. It 
was shown with the casein that the fall in free amino 
groups is accompanied by an equimolecular loss of 
free glucose and an increase in weight of the un- 
dialysable protein fraction consistent with a binding 
by it of all the lost glucose. The stability of this com- 
plex was demonstrated by the facts that: (1) pro- 
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longed dialysis failed to recover free glucose or alter 
the dry weight of the protein; (2) free amino groups 
were not regenerated by long exposure either to the 
acid conditions of the Van Slyke determination or 
the slightly alkaline conditions of the fluorodinitro- 
benzene reaction ; (3) the lysine residues affected by 
reaction with glucose became, in large part at least, 
nutritionally unavailable to young rats. If the 
plasma proteins behavesimilarly, some of thesamples 
in the present experiments must have bound up to 
5% of their weight of glucose before any visible 
change developed. 

Dried blood plasma as prepared in this country 
usually has a very low water content and, provided 
that storage is in completely moisture-proof con- 
tainers at low temperatures, the extent of the re- 
action which takes place after drying is unlikely to be 
large. It would be difficult to reveal small changes 
by examination of any given sample of stored plasma 
in the absence of a value for the original free amino-N 
content of the fresh material. While no survey of 
stocks of plasma has been attempted, a single bottle 
which had been stored at laboratory temperature for 
5 years was examined. The contents, apparently of 
normal colour and solubility, showed a water content 
of 1-9% and a Van Slyke figure of 65-0 mg. amino- 
N/g. total N (not corrected for urea) whereas three 
samples of fresh blood gave values of 73-1, 77-7 and 
79-1 mg. 

The situation is completely different if the con- 
tainer (which is not normally all glass) develops a 
leak, particularly if the temperature of storage is also 
high. Even a minute leak, aided by the pumping 
action of barometric and temperature changes, 
would be sufficient in time to permit significant 
amounts of moisture to be absorbed by the hygro- 
scopic contents. That this can happen is shown by the 
fact that occasional plasma samples have been re- 
jected by users because they were discoloured and 
failed to reconstitute properly. The present thesis is, 
however, that long before these obvious signs of 
deterioration appear, pronounced reaction can have 
taken place, resulting in the formation of new protein 
complexes. 

The physiological properties of these bodies are as 
yet unexplored. With nutritive studies, where this 
reaction has hitherto attracted most attention, the 
main interest centres round the fact that the linkage 
resists hydrolysis by the enzymes of the gut (Henry, 
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Kon, Lea & White, 1948), but with dried plasma 
possible toxic and immunological properties are ob- 
viously of prior importance. Harmful effects of this 
type have not, to our knowledge, been demonstrated, 
and the present preliminary work is not intended to 
imply that the existing method of drying plasma is 
dangerous. It does, however, indicate that the 
consequences of the protein-sugar reaction in dried 
plasma should be further investigated and that the 
practice of adding glucose, which so greatly 
accelerates deterioration, might well be reconsidered. 
Further control of deterioration during storage can 
best be obtained by drying to the lowest practicable 
moisture content, closing the container so as to avoid 
all possibility of rehydration, and storing at as low 
a temperature as possible. 

Finally, these experiments also emphasize the 
care which must be taken in drying biological 
materials in general when reducing sugars are 
present. Even in freeze drying, where rapid evapora- 
tion keeps the material cold until most of the loosely 
bound water has been given up, there is a danger that 
the temperature may rise excessively during that 
critical period when the water content of the material 
passes through the region optimal for the protein- 
sugar reaction. 

SUMMARY 

1. Dried human plasma as normally prepared 
contains both citrate and added glucose, and the 
latter substance may react with the proteins during 
drying and storage. The amino-N content of the 
protein falls, and as much as 5% by weight of 
glucose can be attached to the proteins without any 
readily apparent change being produced. Insolu- 
bility and brown colour eventually develop. 

2. The rate and extent of the reaction is deter- 
mined largely by the water content, and the temper- 
ature coefficient is high. 

3. Even when the dried plasma contains no added 
glucose, the small amount normally present can 
produce the same effects on a greatly reduced scale. 

4. The water-holding properties of the dried 
plasmas deviate considerably from those of simple 
protein or protein-glucose systems at higher 
moisture contents. 

This work was carried out as part of the programme of the 
Food Investigation Organization of the Department of 
Scientific and Industrial Research, in collaboration with the 
Department of Pathology of the University of Cambridge. 
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Effects of a high-protein diet on premature infants 
were investigated by Levine, Marples & Gordon 
(1939, 1941; cf. Levine, Dann & Marples, 1943). 
These infants were fed diets containing 5 g. or more 
of milk proteins/kg. body weight/day in the absence 
of ascorbic acid. The excretion of p-hydroxyphenyl- 
pyruvic acid and p-hydroxyphenyllactic acid rose 
with increased protein intake and continued as long 
as the high protein diet was fed, but was prevented or 
abolished by giving ascorbic acid. These authors 
found that full-term infants did not excrete these 
two acids on a similar high-protein diet, but in both 
premature and full-term infants the excretion of 
these acids could be initiated (or increased if already 
present) by feeding a large dose (up to 1 g./kg. body 
weight) of L-tyrosine or DL-phenylalanine, and thére- 
after the excretion of these acids continued while the 
child was fed a high-protein diet free from ascorbic 
acid. 

Work along somewhat similar lines with guinea 
pigs has been carried out by Sealock & Silberstein 
(1939, 1940), Sealock, Perkinson & Basinski (1941), 
Basinski & Sealock (1946), Lan & Sealock (1944), 
Sealock & Lan (1947), Painter & Zilva (1947, 1948) 
(cf. also Woodruff & Darby, 1948; Swendseid, 
Burton & Bethell, 1943; Rodney, Swendseid & 
Swanson, 1947; Sealock, Ziegler & Driver, 1939; 
Deuel, 1948; Sealock, 1942; Rienits, 1950). 

Dietary protein levels as high as 5 g./kg. body 
weight/day for infants in the first weeks of life are 
unusual, at least in Great Britain. The work re- 
ported in this communication was carried out to 
examine the effect of feeding large doses of L- 
tyrosine or L-phenylalanine to premature infants on 
more usual diets with and without ascorbic acid. 
A preliminary investigation of full-term infants is 
also reported. 


EXPERIMENTAL 


Collection of urine. The subjects used were twenty infants 
in a premature baby unit, and nine full-term infants in a 
maternity ward. For technical reasons only males were 
suitable. The apparatus used is described in detail elsewhere 
(Edmunds, 1950). The premature infants selected were 
normal apart from their prematurity, and the collection of 
urine was started when the child had reached a fairly steady 





level of feeding and excretion, and the nursing had become 


straightforward. Their ages ranged from 2 to 62 days, and’ 


weights from 2 lb. 8 0z. to 6lb. 13 0z. Of these twenty 
infants, seven were given ascorbic acid 25 mg. twice daily 
throughout the collection and for 48 hr. beforehand. The 
feeds were either expressed breast milk or three-quarter 
strength half-cream National Dried Milk. 

A preliminary 24 hr. specimen was collected before the 
tyrosine was given. Seven infants (nos. 1-7) had 1 g. in the 
feed at the beginning of the second 24 hr. collection. Six 
infants (nos. 10-15) had 4g. of tyrosine; owing to its in- 
solubility it could not all be given in one feed, but it was given 
instead in divided doses, 1 g./feed, in the first 12 hr. of the 
second 24 hr. collection. Further 24 hr. collections were made 
for another 4 or 6 days, depending on.the dose of tyrosine; 
where 4 g. was given, collection of urine was continued longer 
to ensure complete elimination. The one infant having 
phenylalanine had it by gavage as he refused the feeds con- 
taining it. 

The nine full-term infants were normal and breast-fed, and 
their weights ranged from 5 lb. 13 oz. to 10 lb. The method 
used was similar to that used for the premature infants, the 
only difference being that the breast-fed babies had the tyro- 
sine as a suspension in a little water, given by spoon, instead 
of in the feed. All the collections were started 48 hr. after 
birth, as otherwise the children would have been discharged 
before the end of the experiment. Two of these infants were 
given ascorbic acid (25 mg. daily), starting on the first day of 
life. While the infant went to the breast a temporary arrange- 
ment was made so that a single voiding of the bladder, should 
it occur, could be collected and added to the rest of the 24 hr. 
specimen. Even so, the technical difficulty in making com- 
plete 24 hr. collections from full-term infants was much 
greater than from premature infants, owing to the greater 
activity of the former, and the greater risk of loss while at the 
breast. 

Chlorbutol (2-trichloromethylpropan-2-ol) was used as a 
preservative. 0-5 ml. of a 50% ethanolic solution was added 
to each 24 hr. specimen in the ward, and a further quantity 
added to the larger specimens in the laboratory at the rate of 
0-5 ml./100 ml. The specimens were then kept at 0°. This 
proved an excellent method of preservation, there being 
no growth of micro-organisms and no chemical changes 
affecting the Millon reaction even after storage for 7 months. 


Analytical methods 


Chemical estimations. Hydroxyphenyl compounds were 
estimated by the method of Folin & Ciocalteu (1927) as used 
by Levine et al. (1941) and Medes (1932). A photoelectric 
colorimeter with an Ilford 604 filter (A,,..,.=520 mp.) was 
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used, and the value read from a standard curve drawn for 
tyrosine. p-Hydroxyphenylpyruvic acid was estimated by 
reduction of a strongly acid phosphomolybdate (Briggs, 
1922) following the method of Medes (1932). To 2 ml. of urine 
(after treatment with Lloyd’s reagent) were added first 
5 ml. 4% (w/v) KH,PO, and then 5 ml. 2-5% (w/v) sodium 
molybdate in 5N-H,SO,. The mixture was diluted to 50 ml. 
The colour was read 3 hr. later in a photoelectric colorimeter 
with an Ilford 609 filter (A,,, =710 my.) and the amount 
read from a standard curve drawn for the pure compound. 
This was prepared from 2-methyl-4-(4’-acetoxybenzal)-5- 
oxazolone by alkaline hydrolysis (Carter, 1946). 

A portion of the urine was rendered acid (pH~1) and 
extracted six times, each time with an equal volume of ether, 
to separate the free phenols and phenolic acids from tyrosine 
+tyramine + conjugated phenols. In some urines a further 
portion was acid hydrolysed (2N-H,SO,, 100°, 30 min.) and 
ether extracted six times to allow separate estimation of 
tyrosine + tyramine and conjugated phenols. It was found in 
control experiments that the whole of any added p-hydroxy- 
phenylpyruvic acid and p-hydroxyphenyllactic acid could be 
removed from normal urine by six extractions with ether at 
pH 1; the apparent hydroxyphenyl content of these infants’ 
urines and of urine containing added p-hydroxyphenyl- 
pyruvic acid reached a maximum under these hydrolysis 
conditions and did not decrease on further heating. 

Tyramine was estimated by difference in several urines 
by rendering the urine alkaline with Na,CO,, repeatedly 
extracting with amyl alcohol, and re-estimating tyrosine. 
About 90% of added tyramine was removed by this method. 

Chromatography. Some of the urines were analysed for 
amino-acids by two-dimensional paper chromatography 
(Consden, Gordon & Martin, 1944). The urine was hydro- 
lysed by refluxing with 6 N-HCI for 18 hr. and both the hydro- 
lysed and unhydrolysed urines were analysed. 


RESULTS 


Premature infants 


Feeding L-tyrosine or L-phenylalanine to premature 
infants usually caused a rise in the excretion of 
hydroxyphenyl compounds; any rise, however, was 
transient and excretion levels dropped to normal by, 
at latest, the fifth day (Figs. 1 and 2). The daily in- 
takes of tyrosine and phenylalanine (calculated as 
tyrosine after multiplying by 1-1, the ratio of mole- 
cular weights) were calculated from the known 
amounts of milk fed using the data provided by 
Williamson (1944). Tables 1 and 2 give the other 
necessary data for each infant. Fig. 4 shows the 
excretion of free phenols for comparison with that of 
total phenols. 

Excretion of p-hydroxyphenylpyruvie acid 
followed that of total hydroxyphenyl compounds, 
being negligible when the total was low (e.g. infant 
no. 12, Fig. 7). No tyramine was found in any urine 
examined. 

Paper chromatography. 


All the urine specimens excreted during the experi- 
ment by infants nos. 11, 12, 23 and 24 were examined 
by this technique. Infant no. 12 excreted large 
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amounts of tyrosine for several days after feeding the 
amino-acid, the size of the spot after chromato- 
graphy and colour development with ninhydrin 
agreeing in a qualitative way with the level of tyro- 
sine estimated by the Folin & Ciocalteu (1927) 
method. In the urine passed on the day tyrosine was 
fed, there was no increase in the size of the tyrosine 
spot after hydrolysis, thus practically all the tyrosine 
was present as the free amino-acid on this day. On 
the following days, however, more than half the 
tyrosine was combined in some form (probably 
acylated on the a-NH,, but not necessarily by 
another amino-acid, see Hier, 1948; Eckhardt, 
Cooper, Faloon & Davidson, 1948; Eckhardt & 
Davidson, 1949; Wynn, 1949) from which it was 
released on acid hydrolysis. This is the normal pro- 
portion. 

Infant no. 11 excreted a large amount of pheny!l- 
alanine on the day this was fed, but on all subsequent 
days the amount of this amino-acid excreted was at 
its normal very low level. Tyrosine excretion was 
sharply raised on the day phenylalanine was fed, the 
size of the spots on a paper chromatogram again 
agreeing with tyrosine levels estimated for corre- 
sponding urines by the method of Folin & Ciocalteu 
(1927). The bulk of the tyrosine in all the urines was 
again released only on acid hydrolysis. Only on the 
day following the feeding of phenylalanine was any 
considerable amount of free tyrosine excreted. 

In full-term infant no. 24 all the urinary tyrosine 
was free on the day tyrosine was fed, and about half 
conjugated on subsequent days. In infant no. 23 
about half the urinary tyrosine was conjugated on 
the day tyrosine was fed and on subsequent days. In 
both infants the size of the tyrosine spot on a paper 
chromatogram agreed with the urinary tyrosine 
level determined by the method of Folin & Ciocalteu 
(1927), being normal by the third day after feeding 
tyrosine. 

In all four infants all the urines, both before and 
after hydrolysis, showed no abnormal increase or 
decrease in amount of any amino-acid (or other 
ninhydrin-reacting substance) other than tyrosine 
and (in no. 11) phenylalanine. 


Full-term infants 


All the infants classed as premature had a birth 
weight under 5-5 lb. and, in addition, the duration of 
pregnancy was under 40 weeks. 

One infant was born at 40 weeks but weighed only 
4 lb. 8 oz., and two were born at under 40 weeks but 
weighed over 5:5lb. Results of investigations on 
these infants are recorded in Fig. 6, and Table 3. In 
addition seven full-term infants were investigated 
and the results for four of them are shown in Figs. 3 
and 5 and Table 4; the remaining three showed 
similar results, but several of the urine specimens 
were incomplete. Since there was occasionally some 
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Fig. 1. (a) Excretion of total hydroxyphenyl compounds (as tyrosine) by premature infants nos. 1, 2 and 4-7: fed 1g. 
tyrosine but no ascorbic acid. Upper curves, smooth curves drawn through histograms for daily excretions; lower 
curves, dietary intake of tyrosine and phenylalanine, excluding test dose, calculated as tyrosine. (b) Excretion of 
total hydroxyphenyl compounds by premature infants nos. 8 and 9 (upper curves) and dietary intake of tyrosine 
(lower curves, test dose excluded). Fed 1 g. tyrosine and ascorbic acid. 
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Fig. 2. Excretion of total hydroxyphenyl compounds (upper curves) and dietary intake of tyrosine (lower curves, test dose 

excluded). (a) Premature infants nos. 10, 12, 13 and 15: fed 4 g. tyrosine, and no. 11: fed 4 g. L-phenylalanine. No 

ascorbic acid. The curves for infant no. 14 were similar and are excluded for clarity. (b) Premature infants nos. 16-19: 

fed 4 g. tyrosine and ascorbic acid. 
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Fig. 3. Excretion of total hydroxyphenyl compounds (upper 
curves) and dietary intake of tyrosine (lower curves, test Fig. 4. Excretion of total and unconjugated hydroxyphenyl 


dose excluded) for tull-term infants nos, 23-26: fed 2-2 g. compounds by premature infants nos. 10, 11, 13 and 15. 
tyrosine/kg. body weight. Part of the intake curve for Shows relative contributions of free and conjugated forms. 





infant no. 23 is omitted for clarity. Total phenols, ; free phenols, — — -. 


Table 1. Ages, weights and diets of premature infants 





us fed no ascorbic acid since birth 
- od At birth At time of experiment 
—_ —_—ae*#—_ — Test dose 
Infant Maturity Weight Age Weight (mg. tyrosine/ 
no. (weeks) (kg.) (days) (kg.) Diet* kg. body wt.) 
1 28 1-13 62 2-01 E.B.M. +N.D.M. 495 
2 32 1-42 38 1-95 N.D.M. 513 
3 34 1-82 29 2-20 N.D.M. 454 
4 34 1-80 19 2-13 N.D.M. 469 
5 30 1-57 11 1-32 E.B.M. 756 
6 34 2°16 4 2-10 E.B.M. 475 
7 32 2-16 2 1-84 E.B.M. 542 
10 35-5 1-65 17 2-10 E.B.M. 1901 
11 32 1-93 15 1-73 E.B.M. 2540f 
12 37 2-10 11 2-04 E.B.M. 1960 
13 36 1-97 9 2-01 E.B.M. 1990 
14 36 2-49 7 2-27 E.B.M. 1760 
15 32 2-08 3 2-08 E.B.M. 1920 


* £.B.M.: ‘Expressed breast milk’, i.e. boiled human milk. N.p.M.: ‘half-cream National Dried Milk’, i.e. powdered half- 


cream cow’s milk. 
7 Calculated. Fed 4 g. t-Phenylalanine. 


Table 2. Ages, weights and diets of premature infants 
fed ascorbic acid 


At birth At time of experiment 
A A a 








ie < a ——~ Ascorbic Test dose 

Infant Maturity Weight Age Weight acid given (mg. tyrosine/ 

no. (weeks) (kg.) (days) (kg.) Diet* (mg./day) kg. body wt.) 
8 33 2-18 14 1-98 N.D.M. 50 504 
9 30 1-62 11 1-44 E.B.M. 50 693 
16 36 2-98 42 3-09 N.D.M. 50 1295 
se 17 32 152 | 17 2-10 E.B.M. 50 1901 
0 18 37 2-16 11 2-13 E.B.M. 50 1879 
). 19 36 2-12 9 2-10 E.B.M. 50 1901 


* Asin Table 1. 
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Table 3. Ages, weights and diets of three infants who met only one of the criteria of prematurity 
At birth At time of experiment 
ee “A ‘ Ascorbic Test dose 
Infant Maturity Weight Age Weight acid given (mg. tyrosine/ 
no. (weeks) (kg.) (days) (kg.) Diet* (mg./day) kg. body wt.) 
20 40 2-16 11 2-04 E.B.M. 50 1960 
21 39 2-64 2 2-64 E.B.M. — 1516 
22 38 3°34 0 3-34 B.F. — 1197 
* Asin Table 1. 3B.F.=Breast fed, i.e. unboiled human milk. 
Table 4. Ages, weights and diets of infants with maturity of 40 weeks 
Infant Age Weight Ascorbic acid Test dose 

no. (days) (kg.)* Diett (mg./day) (mg. tyrosine/kg.) 

23 3 2-77 B.F. _— 2162 

24 2 3-54 B.F. — 2260 

25 3 3°66 B.F. 50 2180 

26 2 2-77 B.F. 50 2162 


* Birth weight. 
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Fig. 5. Excretion of total and unconjugated hydroxyphenyl 
compounds by full-term infants nos. 23, 25 and 26. Total 
phenols, ; free phenols, —-—-. 
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Fig. 6. Excretion of total and unconjugated hydroxyphenyl 
compounds (upper curves) and dietary intake of tyrosine 
(lower curves, test dose excluded) for infants nos. 20-22. 
Total phenols, ; free phenols, — —-. 





} B.¥F. = Breast fed, i.e. unboiled human milk. 


slight loss of urine in the four cases considered, some 
of the results shown in Figs. 3 and 5 may be up to 
10% low. 


Infant 12 


Infant 24 


Excretion (mg. 


o8sss 





Time (days) 


Fig. 7. Daily distribution of excreted phenols for premature 
infant no. 12 and full-term infant no. 24. The tyrosine test 
dose was fed on day 1. [), free phenols; [J], conjugated 
phenols; J, tyrosine; FFB, tyrosine plus conjugated 
phenols; fQ, p-hydroxyphenylpyruvic acid; Z, tyrosine 
plus total phenols. 


Phenylpyruvic, homogentisic and 
benzoquinone-acetic acids 

Of several urines tested with ferric chloride, only 
one (infant no. 11, urine of the day L-phenylalanine 
was fed) gave a green colour persisting over a number 
of minutes, indicating the presence of phenylpyruvic 
acid. The colour was very faint, corresponding to less 
than 5 mg. phenylpyruvic acid/100 ml. urine. 

None of the urines examined darkened from above 
down when made alkaline, nor did they reduce 
neutral or weakly acid silver nitrate. The addition of 
a very small amount of homogentisic acid led to 
positive results with both these tests. Thus homo- 
gentisic acid was absent from all the urines examined. 
The ferric chloride test could not be relied on since 
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p-hydroxyphenylpyruvic acid gives an ephemeral 
green colour similar to that given by homogentisic 
acid. 

Iodometric investigations (cf. Neuberger, 1947) 
revealed no substance with the properties of either 
homogentisic or benzoquinoneacetic acid in any 
urine examined except one (infant no. 12, urine of the 
third day after feeding tyrosine). Since the acidified 
urine released iodine from potassium iodide, the 


substance present had properties more in keeping _ 


with benzoquinoneacetic than homogentisic acid, 
but obviously this reaction is not specific. Assuming 
the oxidation of acid potassium iodide to have been 
due to benzoquinoneacetic acid, the amount present 
was only 4 mg./100 ml. 


Conjugated phenols 


Glucuronides (Tollens naphthoresorcinol test) 
were found in only one urine (infant no. 25, first 
urine after feeding tyrosine) and here only in barely 
detectable traces. Ethereal sulphates (determined 
gravimetrically as barium sulphate after removing 
inorganic sulphate) were present in all of several 
urines tested, and were in some cases equivalent in 
amount to the conjugated phenols present, in others 
rather lower (e.g. infant no. 11, Table 5). Indican 
(Obermayer’s test) was absent from all the urines 
examined. 
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in the further metabolism of tyrosine and a consider-| 
able proportion is excreted as the intermediate 
metabolites, p-hydroxyphenyllactic acid and p- 
hydroxyphenylpyruvic acid. There seem to be no ill 
effects apart from a small loss of potential calorie- 
providing substances. 

Our results and those of Levine et al. (1941) agree in 
many important respects. However, we find the effect 
of a single large dose of tyrosine or phenylalanine 
to be transient, while Levine found that similar 
large test doses initiated this defect in metabolism 
and it persisted as long as a high protein diet was fed. 
Similarly, we find no spontaneous excessive excre- 
tion of phenolic substances by premature infants fed 
a high protein diet and no ascorbic acid (e.g. infants 
nos. 2—4, Fig. la); Levine et al. (1939, 1941) found 
that in similar circumstances an excessive excretion 
of phenolic substances occurred nearly always. 

Ascorbic acid obviously occupies a key position in 
the metabolism of tyrosine and it is possible that the 
pre-natal nutrition of the infants we consider here 
was different from those of Levine et al., owing to the 
supply of orange juice available to all expectant 
mothers in Great Britain. 

Levine e¢ al. (1941) found that their premature 
infants had to be fed a high protein diet for several 
days, or given a large dose of tyrosine or phenyl- 
alanine, before the intermediate metabolites ap- 


Table 5. Distribution of excreted phenols for infant no. 11 


(Fed 4 g. L-phenylalanine on day 1.) 


p-Hydroxy- 
phenylpyruvic Free Conjugated Conjugated Ethereal 
Tyrosine acid phenols phenols phenols sulphates 
Day (mg./day) (mg./day) (mg./day)* (mg./day)* (nmol. /day) (umol./day) 

1 45-2 31-1 2-0 15-4 85 65 
2 44-8 64-6 518-7 13-3 73-5 78 
3 41-4 57-0 348-8 28-2 156-0 109 
4 19-0 9-5 63-5 1-7 9-4 —f 

* Calculated as tyrosine. Tt Not determined. 

DISCUSSION peared in the urine. This suggests either (a) that the 


The compounds p-hydroxyphenylpyruvic acid and | 
p-hydroxyphenyllactic acid are generally considered 
to be intermediates in the metabolism of tyrosine. 
Phenylalanine, it is generally assumed, is converted 
to tyrosine as the first step in its metabolism (com- 
pare infant no. 11, Table 1). 

In the normal individual practically all the tyro- 
sine is further metabolized (probably mostly through 
homogentisic acid) in the liver, and probably else- 
where; the aromatic ring is split, producing B-keto 
acids which are further metabolized. Only a very 
small proportion of the tyrosine escapes into the 
urine as hydroxyphenyl compounds. 

In the infants considered here and by Levine et al. 
(1941) and in scorbutic guinea pigs, there is a defect 


system needed to be flooded with a large excess of 
tyrosine before the defect appeared, or (5) that a large 
amount of tyrosine could combine with or cause the 
destruction or elimination of ascorbic acid, per- 
mitting the defect to appear. The second alternative 
is disproved by the transient nature of the raised ex- 
cretion of intermediate metabolites after feeding 
tyrosine in our experiments. Further evidence that 
tyrosine does not affect ascorbic acid destruction to 
any marked degree is provided by the finding that 
the onset of scurvy in guinea pigs, fed less than the 
minimum protective dose of ascorbic acid, was not 
significantly accelerated by feeding regular large 
doses of L-tyrosine (Payne & Woolf, 1949). 

The marked effect of ascorbic acid on the meta- 
bolism of tyrosine in the premature infant can be 
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compared with the effect of aneurin on the meta- 
bolism of pyruvic acid in various organisms. The 
foetus stores ascorbic acid during the last few weeks 
of gestation and, if full-term, is born with a sufficient 
store to produce no signs of scurvy on an essentially 
scorbutic diet for about 6 months. This is, however, 
not necessarily true for premature infants (cf. Park, 
Guild, Jackson & Bond, 1935; Toverud, 1935). This 
can be correlated with the full-term infant’s greater 
ability to metabolize tyrosine. 

There was great variability in response to the 
tyrosine test dose among both full-term and pre- 
mature infants ; it would be pointless to try to assign 
infants nos. 20-22, to either full-term or premature 
group on the basis of their ability to metabolize the 
test dose. There is no correlation among the pre- 
mature infants between peak excretion value 
reached and maturity at birth, age or birth weight; 
the duration of excessive excretion is also not corre- 
lated with maturity, age or birth weight. The 
tyrosine and phenylalanine in the normal diet 
exerted only a small effect on the level of excretion 
reached. In any one infant, however, a rise in the 
amount of protein fed during or soon after giving the 
test dose increased the duration of excessive ex- 
cretion (cf. nos. 15, 10 and 7, Figs. 1 and 2). 

The remarkable efficiency of the human organism 
in converting L-phenylalanine to L-tyrosine is well 
illustrated by infant no. 11 (Table 5), who excreted 
excessive amounts of phenylalanine on only the 
first day after feeding this amino-acid, but excreted 
large amounts of tyrosine and its intermediate meta- 
bolites on this and the three subsequent days. The 

, very small amount of phenylpyruvic acid excreted 
compared with the values reported by Levine et al. 
(1941, 1943) is probably connected with our use of 
u-phenylalanine and their use of pt-phenylalanine 
(cf. Penrose & Quastel, 1937). 

{ Conjugated phenols contributed a considerable 

| proportion of the total hydroxyphenyl compounds 
excreted after feeding L-tyrosine to either premature 

\or full-term infants. This was not the result of 
intestinal bacterial action on the tyrosine and sub- 
sequent conjugation of the primary products, since 
the gut in these infants is virtually sterile (cf. the 
absence of tyramine and indican from the urine). No 
explanation can be offered for the conjugation of 
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nearly all the phenols excreted by infants nos. 23 and 
24 on the day tyrosine was fed, and of practically 
none the next day though total phenol excretion was 
not very different (Figs. 5 and 7). The virtual absence 
of glucuronides from any urine examined and the 
presence in several urines of ethereal sulphates in 
amounts roughly equivalent to the conjugated 


‘ phenols present (in the absence of indican), indicate 


that sulphuric acid was the conjugating agent 
(contrast Blazso, 1935, 1937). 

The technical difficulties in studying full-term 
infants were due to the shortness of their stay in 
hospital, about 8 days. During this period their in- 
take of protein was varying very rapidly and the 
volume of urine excreted rose from under 10 ml./day 
to 150 ml. or more. The premature infants, on the 
other hand, had had time to become relatively 
stabilized. 


SUMMARY 


1. Premature infants on various dietary protein 
levels have been fed L-tyrosine or L-phenylalanine 
with and without ascorbic acid. Their excretion of 
phenolic intermediate metabolites was determined. 

2. This excretion reached a peak value soon after 
feeding the amino-acid, but fell to normal values 
within a few days. The effect of ascorbic acid was 
greatly to reduce the excretion of intermediate meta- 


bolites. 


3. A similar investigation of full-term infants is 
not yet complete, but there seems as much variation 
as in the premature infants, especially in response to 
ascorbic acid. 

4. By paper chromatography it has been shown 
that the excretion of amino-acids other than tyrosine 
(or phenylalanine where this was fed) was not affected 
by the test dose of the amino-acid. 


The authors wish to express their thanks to the staffs of the 
wards concerned in the Hammersmith Hospital and in Queen 
Charlotte’s Hospital for collecting the urine specimens, to the 
Hospital for Sick Children for laboratory space in which the 
estimations, paper chromatography, etc. were carried out; 
to Prof. A. Moncrieff and Dr W. W. Payne for many helpful 
discussions at one of which this investigation was suggested; 
to Mr J. P. Berry for expert technical assistance in the estima- 
tions, etc.; and to Dr A. Neuberger for a generous gift of 
homogentisic acid. 
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Sodium Ethanemonothiophosphonate. A Weak Antidote 
to Mustard Gas 


By E. R. HOLIDAY, J. ST L. PHILPOT anp L. A. STOCKEN 
Department of Biochemistry, University of Oauford 


(Received 3 June 1950) 


The following work was done in 1940 as part of an 
antigas programme directed by Prof. R. A. Peters 
on behalf of the Ministry of Supply. The objective 
was to discover an antidote to mustard gas (H) 
which could act at a late stage when the vesicant had 
soaked into living tissue. A review by Peters (1947) 
gives the references to the original reports to the 
Ministry and the contribution made by the Oxford 
group to this problem. 

It was assumed as a working hypothesis that the 
toxicity of H was due to the chlorine replacement 
reaction, the in vitro kinetics of which were studied as 
part of the same programme by Ogston (1948). The 
interesting feature of this reaction is that the slow 
disappearance of H in aqueous media cannot be 
accelerated by reagents which replace the chlorine, 
but that such reagents compete with each other to 
form H substitution products, and that an active 
reagent may almost completely suppress an inactive 
one. The power to compete is quantitatively ex- 
pressible by the ‘competition factor’ which was 
measured by Ogston for about eighty substances. 

Only the most hopeful of these substances were 
tested biologically because of shortage of animals at 
that time. The few rats available sufficed to show 
that none of the selected substances was a sufficiently 
good antidote to be of practical importance; but 
by using forty rats on one substance (sodium ethane- 
monothiophosphonate) a weak protective action was 


demonstrated statistically. This seems to be the only 
substance which has been proved to give any internal 
protection against H. It was prepared by a new 
method which is described below together with such 
biological tests as could be done in the circumstances. 


EXPERIMENTAL 


Preparation of mono- and di-thiophosphonates 


In 1940 three methods were available for the preparation of 
thiophosphonates. Hofmann & Mahla (1892) treated sub- 
stituted phosphines with sulphur; Guichard (1899) obtained 
RPSCl, by the action of S on RPCI, and Strecker & Gross- 
mann (1916) prepared R,PSOH from PSC, and Grignard 
reagents. Since none of these methods was satisfactory, the 
reaction between Grignard reagents and P,S, wasinvestigated 
and found to be convenient for the preparation of alkyl or 
aryl dithiophosphonates (RPOS,Na,). All the thiophos- 
phonates were made by the same process, the ethanethio- 
phosphonates being typical examples. 

A more complete investigation of the reaction between 
P,S, and Grignard reagents was subsequently carried out by 
Malatesta & Pizzotti (1946). These authors claim that quan- 
titative yields of dithiophosphates can be obtained by a 
suitable choice of experimental conditions. 

Disodium ethanedithiophosphonate. Ethyl bromide 
(327 g.) was converted to the Grignard reagent by dropping 
on to Mg (72 g.) in dry ether (600 ml.). The solution was then 
slowly added to a suspension of finely powdered (60 mesh 
sieve) P,S, (426 g.) in dry ether (400 ml.) at such a rate that 
the ether was kept gently boiling. This took about 2 hr. 
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During the initial reaction and for a further 1-2 hr. the 
mixture was kept vigorously stirred. The product was then 
decomposed with a small amount of ice and 10N-H,SO, 
(800 ml.). A sample of the ether was then titrated to pH 7-6 
(blue to bromothymol blue) with 0-1 N-NaOH and two-thirds 
of the equivalent amount of 10N-NaOH added to the bulk of 
the ether. This gave a pH of about 5. The aqueous solution 
was then heated for 10 min. at 100°, cooled and the remaining 
one-third of the 10N-NaOH added. (This is probably un- 
necessary for most purposes, but it served to remove a trace 
of trithio compounds which were toxic towards the pyruvate 
oxidase system (Peters, unpublished). 

Inorganic compounds were precipitated by the addition 
of 5 vol. of ethanol and the filtrate evaporated in vacuo at 50°. 
The residual sticky solid was crystallized from a mixture of 
ethanol (250 ml.) and isopropanol (750 ml.); the first crop 
weighed 245 g. (Found: S, 24-4; P, 12-0; loss at 110° for 
18 hr. 13-3. C,H;POS,Na,.4H,O, requires S, 24-2; P, 12-0; 
H,0, 13-95%.) By evaporation of the mother liquor a 
second crop of material (39 g.) was obtained. This was shown 
by titration of the free acid to pH 4 and 8 and by acid and 
alkaline iodine titrations to be probably (C,H;).PS,Na. 

Ethane monothiophosphonate. Disodium ethanedithio- 
phosphonate (92 g.) was shaken for 10 min. with 10N-H,SO, 
(330 ml.) and ether (400 ml.). The ether was separated, dried 
over Na,SO,, filtered and the Na,SO, washed thoroughly 
with ether. A sample of the ether was titrated to pH 7-5 
with 0-1N-NaOH to determine the dithiophosphonic acid 
content, and after evaporating the bulk of the ether in vacuo 
at room temperature, the residue was taken in sufficient 
water to give a 2-3M-solution. This solution was then heated 
in a water bath at 100° for 20 min. The time of heating was 
decided by taking portions from a small sample and, after 
evacuation to remove H,S, estimating the I, uptake at 
various intervals. The bulk solution was heated for that time 
which decreased the I, uptake to half its original value. The 
solution was cooled, evacuated, treated with the calculated 
amount of 10N-NaOH (as determined by the preliminary 
titration) and evaporated in vacuo at low temperature. 
Traces of water were removed by re-evaporation with the 
addition of ethanol. The residue was dissolved in hot ethanol, 
and isopropanol added until a turbidity was produced. 
On cooling, 68 g. of sodium ethanemonothiophosphonate 
(C,H;PO,SNa,) crystallized out, and a second crop of 9 g. 
was obtained by concentration of the mother liquor. 
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The methane-, pentane-, hexane- and toluene-thiophos- 
phonates were prepared in exactly the same way except for 
the solvent used for crystallization. The solvent selected was 
designed to give a sharp separation of the mono- and 
di-alkane compounds Thus, pentanedithiophosphonate was 
crystallized from a mixture of ethanol, ethyl acetate and 
ether or dioxan; hexanedithiophosphonate from ethanol and 
isopropanol. Methanedithiophosphonate had solubility 
properties very similar to those of inorganic thiophosphate, 
and was therefore obtained by fractional precipitation from 
aqueous solution at pH 12-0 with ethanol. 


Biological tests 


Compared with the inorganic thiophosphates and 
the thiophosporic O-esters, which readily hydrolyse. 
to hydrogen sulphide, all the thiophosphonates 
studied were surprisingly stable, both dry and in 
aqueous solution. The ethane- and butane-thiophos- 
phonates had very low toxicity. This is shown in 
comparison with other selected thiols in Table 1, in 
which D is a rough estimate of the 50 % lethal dose 
in mmol./g. of mouse, given by the geometric mean 
of the highest non-lethal and the lowest lethal dose 
in a series differing by a factor of two, with one 
mouse per dose. D is probably correct to a factor of 
two since overlapping responses were never observed. 
F is the kinetic competition factor described above. 
The substances are tabulated in order of the product 
FD which is a semi-theoretical therapeutic index 
useful in deciding which thiols to test. 

Therapeutic test of sodium ethanemonothiophos- 
phonate. Forty white rats, of both sexes, were each 
injected in the thigh muscles with 0-5 % (w/v) H in 
ethanol (0-2 ml./200 g. body weight). Twenty of the 
injected rats were kept as controls and the other 
twenty were immediately injected intraperitoneally 
with 1 ml. of a M-aqueous solution of the thiophos- 
phonate. Table 2 shows the mortality after 10 days. 
The survivors were kept under observation for some 
weeks and at the end of that time no further deaths 
had taken place. 


Table 1. Toxicities and competition factors of SH compounds in mice 


(D, approximate LD;, in mmol./g.; F, competition factor against H in vitro. All compounds administered as Na salts.) 


Substance 


Ethanedithiophosphonate, C,H;.POS,. Na. 
Butanedithiophosphonate 
Hexanedithiophosphonate 


Bishydroxyethyldithiocarbamate, (HOC,H,).N.CS.SNa 


Thiosulphate 

Diethyldithiocarbamate, (C,H;).N.CS.SNa 
Diethanedithiophosphonate, (C,H;).PS.SNa 
Monothiophosphate 

Thioglucose 

Ethyl xanthate 

Phenyldithioacetate 

Trithiocarbonate 

Sulphide 

Trithiophosphate 


D F FD 
0-016 1-2 x 108 1920 
0-016 ia = 

<0-007 1-2 x 10° <840 
0-022 3-2 x 108 705 
0-019 2-5 x 108 475 
0-0083 3-1 x 107 257 

>0-02 6-7 x 103 >107 
0-0025 3-5 x 104 88 
0-020 2-6 x 103 52 
0-0025 1-6 x 104 40 
0-0013 “4-7 x 108 6-1 
0-0004 ma — 
0-0004 - — 
0-0002 on — 
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The tests on other substances are given in Table 3, 
from which an upper limit to the possible protective 
power of each substance is deducible. This may be 
useful if any of these substances are re-examined. 


Table 2. Protection of rats against injected mustard 
gas (H) by sodium ethanemonothiophosphonate 


No. of rats 


—_—_ TT 
Total Survived Died 


H alone 20 10 10 
H +thiophosphonate 20 18 2 


P=0-0068 (Fisher, 1946). 


WEAK ANTIDOTE TO MUSTARD GAS 639 


SUMMARY 


1. A new method for preparing some mono- and 
di-thiophosphonates is described. 

2. Injected sodium ethanemonothiophosphonate 
protected a significant percentage of rats against 
death from injected di-(2-chloroethyl) sulphide 
(mustard gas). 

3. A search for more strongly protective sul- 
phydryl compounds was unsuccessful. 


Our thanks are due to the Chief Scientist, Ministry of 
Supply, for permission to publish, and to Messrs C. Dear, 
E. Facer and W. Weinstein for skilled technical assistance. 


Table 3. Preliminary tests on antimustard gas substances 


Substance on skin 


Substance injected 


No. of rats 


(1) (2) ee 
Died Survived 
None Sodium diethyldithiocarbamate 3 1 
Phenyldithioacetic acid (C,H;).N.CSSNa + 1 
C,H,;.CSSH 
Ethylmercaptomalonate None + 1 
SH.CH.(CO,Et), 
Sodium diethyldithiocarbamate None t 0 
None Sodium bishydroxylethyldithiocarbamate 1 0 
Ethylmercaptomalonate (HOC,H,).N.CSSNa 2 1 
Sodium bishydroxyethyldithiocarbamate os 5 1 
Ethylmercaptomalonate Sodium thiosulphate 1 1 
None Sodium thioglucose 1 0 
Tetraethylthiuram disulphide None 1 0 
[(CyH;),N .CSS], 
Ethyl mercaptomalonate None l 0 
Phenyldithioacetic acid None 3 0 
None None 19 0 


(Control; untreated except with H) 


(H: 0-001 ml. was placed in a clipped dorsal region of a 150-200 g. rat. 5 min. later 50-100 mg. of the substance in 
column 1 was rubbed in and 1 ml. of a M-aqueous solution of the substance in column 2 was injected intraperitoneally.) 
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